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Abstract
This study investigated the steroidogenic enzymes o f the elasmobranch interrenal. 
First, biochemical characteristics o f cytochrome P450c21 hydroxylase (P450c21) and 
3 P-hydroxysteroid dehydrogenase (3 p-HSD) were determined with incubations .of the 
microsomal fraction o f Carcharhimts limbatus (blacktip shark) interrenal tissue.
Second, molecular reagents were obtained by isolating and sequencing partial cDNA 
clones encoding the elasmobranch steroidogenic enzymes cytochrome P450 side chain 
cleavage (P450scc) and 3 P-HSD from blacktip shark and Daysatis americanci (southern 
stingray) interrenal. Finally, the regulation o f Daysatis sabina (Atlantic stingray) 
interrenal steroidogenesis by peptide hormones such as corticotropin (ACTH) and 
angiotensin II was investigated by in vitro incubations o f interrenal tissue.
The blacktip shark forms o f P450c21 and 3 P-HSD were similar to mammalian 
forms in activity. Both enzymes were resistant to the effects o f nitrogenous osmolytes 
and had similar pH optima, but had different temperature optima. Blacktip shark 
P450c2l displayed a much wider substrate specificity than its mammalian counterparts. 
The proteins encoded by the isolated cDNAs o f southern stingray P450scc, southern 
stingray 3 P-HSD and blacktip shark 3 P-HSD were only 40-50% homologous to other 
forms o f these enzymes. Identity increased in regions known to be highly conserved in 
these proteins. Northern blot analysis detected single P450scc transcripts in both 
southern and Atlantic stingray interrenal RNA o f approximately the same size (4200 base 
pairs). Single transcripts were also detected for 3 P-HSD in southern stingray (2400 base
xi
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pairs) and blacktip shark (1400 base pairs) interrenal RNA. Acute and chronic exposure 
to ACTH stimulated steroidogenesis in isolated Atlantic stingray interrenal tissue.
ACTH induces steroidogenesis through a mechanism which could be blocked by a 
translational inhibitor (cycloheximide), but not by a transcriptional inhibitor (actinomycin 
D). Angiotensin II, autologous kidney extract, human chorionic gonadotropin and 
second messenger analogs and activators had no effect on steroidogenesis. No treatment 
significantly altered the specific activity o f steroidogenic enzymes.
Although similar in function and activity, there are differences in the structure 
and regulation between elasmobranch and mammalian steroidogenic enzymes. Such 
differences make the elasmobranch interrenal an excellent model system for future 
comparative studies.
xii
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1.0 Introduction
Steroids have important roles in reproduction, growth, development, 
osmoregulation and energy mobilization. Because steroids are lipophilic and can pass 
through plasma membranes, they are poorly sequestered within a cell. The timely release 
o f appropriate concentrations o f bioactive steroids is dependent upon the activity o f 
steroidogenic enzymes. The activities o f these enzymes must therefore be carefully 
regulated. In elasmobranchs, synthesis o f corticosteroids occurs in the interrenal gland. 
This tissue is homologous to the adrenal cortex o f mammals. The elasmobranch 
interrenal gland offers an excellent model for the study o f steroidogenic enzymes and the 
regulation o f steroidogenesis. The elasmobranch interrenal is a discrete encapsulated 
gland which does not display the zonation typical o f the mammalian adrenal cortex. In 
teleosts, interrenal cells are intermingled with other cell types. The elasmobranch 
interrenal is composed entirely o f steroidogenic cells. In addition, the fact that the 
elasmobranch interrenal gland is the site o f synthesis o f a unique corticosteroid, makes 
the study o f this tissue inherently interesting.
Although data are available about the types o f corticosteroids produced in 
elasmobranchs, very little is known about the enzymes which are involved in the 
synthesis o f these steroids. Information regarding basic biochemical characteristics o f 
steroidogenic enzymes and the regulation o f these enzymes is necessary to fully 
understand steroidogenesis. This study was therefore undertaken to characterize 
elasmobranch steroidogenic enzymes and to isolate nucleic acid probes for key 
steroidogenic enzymes. Chapter two o f this dissertation presents background
1
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2
information on the steroidogenic pathway in the elasmobranch interrenal gland. Chapter 
four o f this dissertation describes the isolation o f partiai cDNA ciones encoding Dasyatis 
americana (southern stingray) cytochrome P450 cholesterol side chain cleavage.
Chapter five describes the isolation o f partial clones encoding southern stingray 
and blacktip shark 3 p-hydroxysteroid dehydrogenase. These probes allowed the 
comparison o f the primary structures o f these enzymes to homologs o f other vertebrates. 
Both cytochrome P450 cholesterol side chain cleavage and 3 P -hydroxysteroid 
dehydrogenase are critical to the production o f all sex steroids and corticosteroids. In 
the future, nucleic acid probes to these enzymes can be used to monitor the modulation 
o f levels o f these enzymes.
The activities o f two steroidogenic enzymes and the effects o f the elasmobranch 
intracellular milieu upon these enzymes were characterized. In chapter five, 3 p- 
hydroxysteroid dehydrogenases o f southern stingray and blacktip shark are 
characterized. Chapter six describes the biochemical characteristics o f cytochrome 
P450c21, an enzyme essential to the synthesis o f all corticosteroids. Finally, potential 
regulatory hormones were examined in chapter seven for their effects on the 
steroidogenic pathway in the interrenal gland o f Dasyatis sabina (Atlantic stingray).
This dissertation will therefore provide information to allow a better understanding o f 
steroidogenic enzymes in general and the function of steroidogenesis in the elasmobranch 
interrenal.
1.1 The Physiological Role of Steroids in Vertebrates
Steroids have numerous and powerful physiological actions. Steroids are derived 
from cholesterol and the physiological role of a particular steroid is determined by the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
number and orientation o f carbon molecules and the presence and location o f oxygen 
substituent groups. Some steroids, such as Vitamin D3, retain the long hydrophobic 
side-chain present in cholesterol. Most other steroids are formed after the cleavage of 
the six-carbon side chain o f cholesterol.
Progestins are steroids containing 21 carbons, and include progesterone, 
glucocorticoids and mineralocorticoids. Progesterone is critical to the maintenance of 
developing embryos. Glucocorticoids and mineralocorticoids are progestins produced by 
the adrenal cortex o f mammals and its homolog in lower vertebrates, the interrenal 
tissue. Glucocorticoids are involved in energy mobilization and mineralocorticoids are 
involved in ionic regulation. Androgens are sex steroids containing 19 carbons and 
estrogens are sex steroids containing 18 carbons. Sex steroids are crucial for the proper 
development o f gametes, secondary sexual characteristics and reproductive behavior. 
Although androgens can be produced in the interrenal gland o f some vertebrates, 
glucocorticoids and mineralocorticoids are the predominant products o f most interrenal 
tissue.
Glucocorticoids are typically associated with the effects o f various stressors. 
Stress is most typically associated with the "fight or flight" syndrome, when an animal is 
faced with potential harm from a predator. However, stress can take the form o f less 
obvious factors, such as changes in environmental parameters (such as salinity or 
temperature). The difficulty in quantifying and standardizing stressors makes 
comparisons between studies and species difficult (Pickering and Fryer, 1994). When
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
exposed to a threatening situation, most animals respond in a manner which promotes 
the probability o f survival. These responses include both behavioral and physiological 
changes which are generally short lived. The physiological response includes the 
activation of the sympathetic nervous system and the release o f catecholamines from 
chromaffin cells (grouped together in mammals to form the adrenal medulla). 
Glucocorticoids are necessary for many o f the effects o f catecholamines. This 
requirement for steroids in order to fully express another chemical mediator is termed the 
permissive effects o f steroids (Ingle, 1954).
Glucocorticoids can have seemingly opposing effects, for example suppressing 
the synthesis o f a chemical mediator at the same time its receptors are induced. These 
effects most likely represent a "self-defense mechanism" preventing many physiological 
systems from overshooting and causing self-inflicted damage (Munck and Naray-Fejes- 
Toth, 1992).
Glucocorticoids influence many physiological systems. In mammals they induce 
hyperglycemia by promoting gluconeogenesis and glycogenolysis in the liver, and 
increasing the free concentrations o f gluconeogenic substrates through the stimulation of 
proteolysis and lipolysis in muscle and adipose tissue. These steroids also act on the 
immune system to decrease the population o f lymphocytes and increase the removal o f 
immunoglobulins by the induction o f proteolysis, helping to avoid detrimental 
autoimmune responses. Glucocorticoids also inhibit prostaglandin formation and 
nonspecific inflammation, an effect which helps minimize the loss o f blood and body fluid
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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in regions o f the integument where trauma has occurred (Kime, 1987; Pickering and 
Fryer, 1S94; Schreek et al., 1989).
The effects o f long term exposure to glucocorticoids were summarized by Selye 
(1950), who labeled such effects the "General Adaptation Syndrome". Chronic exposure 
to glucocorticoids can have severe detrimental effects, including muscle wasting, 
sustained hyperglycemia, impairment o f immune response and even death in extreme 
cases. One o f the best examples o f this syndrome is seen in teleost fish. Elevated levels 
o f cortisol (the glucocorticoid in teleost fish) can be correlated with the massive post­
spawning death o f semelparous salmonid fish. It is o f interest to note that reproduction 
in semelparous fish is spared the effects o f chronic glucocorticoid exposure (Barry et al., 
1996). In most other fishes, and indeed other vertebrates, glucocorticoids can lead to 
decreased reproductive success (Pickering and Fryer, 1994). Because o f the detrimental 
effects o f glucocorticoids on health and reproduction, understanding the physiology o f 
stress is important to success in aquaculture. Much attention has therefore been given to 
the effects o f glucocorticoids in salmonids and other commercially important fish.
Cortisol induces hyperglycemia in many species o f teleosts; however, the plasma 
concentration o f glucose in fish is not as finely regulated as it is in mammals and plasma 
glucose may not be the most important form o f energy in these animals (Van der Boon 
et al., 1991). Hyperglycemia may result from the stimulation o f gluconeogenesis through 
the induction o f enzymes such as glucose-6-phosphatase, fructose-1,6-bisphosphatase, 
phosphoenolpyruvate carboxykinase and pyruvate carboxylase (Foster and Moon, 1986, 
Vijayan et al., 1991), or may be a consequence o f the inhibition o f glucose uptake and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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glucose oxidase activity in peripheral tissues (Van der Boon et al., 1991). Free glucose 
may be deposited as glycogen in response to cortisoi treatments, although the results o f 
several studies are conflicting (Barton et al., 1987; Letherland, 1987).
Liver transamination o f free amino acids, an important step in the use o f free 
amino acids in gluconeogenesis, can be enhanced by the induction o f aminotransferases. 
In teleosts, tyrosine aminotransferase was not effected in some species o f salmonids 
(Fellman et al., 1971), but was induced in others (Whiting et al., 1977). Chronic 
elevation o f cortisol in the channel catfish induced tyrosine aminotransferase activity 
(Davis et al., 1985). Other enzymes may also be affected, including 
glutamate/oxaloacetate transaminase and glutamate/pyruvate transaminase. Freeman and 
Idler (1973) increased activities o f these enzymes in the livers o f brook trout by 
injections and peilet-implantation o f cortisol. Foster and Moon (1986) could elevate 
only the activity o f glutamate/oxaloacetate transaminase in the American eel using similar 
treatment with cortisol. Studies demonstrating the effects o f cortisol upon lipid 
metabolism are also conflicting. Some studies implicate cortisol in the mobilization o f 
free fatty acids (Minick and Chavin, 1970; Butler, 1968); others have seen no effect 
(Foster and Moon, 1986). The effects o f cortisol treatment on lipid mobilization and 
lipase activity are apparently developmentaily regulated, indicating that there are 
ontogenic, as well as interspecific differences which must be considered when reviewing 
the effects o f cortisol in teleosts (Sheridan, 1987).
The effects of corticosteroids in elasmobranch fish have received far less 
attention. Although many studies have reported the types and concentrations o f
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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interrenal steroids (see section 1.2), few have studied the effects o f these steroids in vivo 
or in vitro. Indeed, little is known about the basic physiological systems which 
glucocorticoids are proposed to influence in elasmobranchs. In other vertebrates, 
glucocorticoids modulate gluconeogenesis. The potential for gluconeogenesis in the 
little skate (Raja erinacea) is low and found only in the liver (Moon and Mommsen, 
1987). Isolated hepatocytes o f R. erinacea are characterized by low metabolic activity, 
perhaps indicative o f the benthic lifestyle o f the skate (Mommsen and Moon, 1987). It is 
unknown how glucocorticoids alter the metabolic activity o f such cells. Blood glucose is 
not as finely regulated in elasmobranchs as in other vertebrates (deRoos et al., 1985), 
although insulin and glucagon can alter plasma glucose concentrations and liver glycogen 
deposition (Patent, 1970). Plasma concentrations o f free fatty acids is extremely low 
(Plisetskaya, 1980), but lipid concentrations are very high in the elasmobranch liver. The 
release o f lipids may be regulated by hormones normally associated with carbohydrate 
metabolism (Patent, 1970). Amino acids and ketone bodies produced in the liver may 
play an important role in energy mobilization in elasmobranchs and the production of 
these compounds may be regulated by glucocorticoids (deRoos et al., 1985; Mommsen 
and Moon, 1987).
The mineralocorticoid aldosterone has been isolated from lungfish, amphibians, 
reptiles, birds and mammals. It is responsible for the regulation o f blood sodium and 
potassium in these animals (Crabbe, 1992). Aldosterone synthesis in mammals is 
controlled by the renin-angiotensin system o f the kidney and plasma potassium 
concentrations. Most fish do not synthesize aldosterone, and cortisol has been
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implicated as the mineralocorticoid in teleost fish. Cortisol promotes salt gain in
freshwater fish and salt loss in seawater fish (Eddy, 1980). Interrenaiectomy causes
reduced sodium uptake in freshwater eels and a reduction o f sodium flux in seawater eels
(Maetz, 1969). Cortisol apparently mediates these effects by modulating the activity o f
Na'-BC-ATPase in effector organs (Hirano and Mayer-Gostan, 1978). Cortisol synthesis
is enhanced in both seawater-to-freshwater transfer and in ffeshwater-to-saltwater
transfer (Mayer-Gostan et al., 1987). As with the actions o f glucocorticoids, the
mineralocorticoid actions o f interrenal steroids in elasmobranchs are poorly studied.
1.2 Historical Perspective of the Synthesis and Actions of Corticosteroids in 
Elasmobranchs
In 1966, Idler and Truscott isolated a novel interrenal steroid from plasma and 
interrenal extracts o f two skates, Raja radiata and R. ocellata. This steroid was a 
product o f corticosterone (Kendall's substance "B") which was more polar than cortisol. 
Sequential derivation o f this polar steroid identified it as 1 a, 11 P,2l-trihydroxy-4- 
pregnene-3,20-dione (1 a-hydroxycorticosterone; Figure 1-1), having a a ^  = 242.5 nm 
and an extinction coefficient o f e = 15,600 in methanol (Idler and Truscott, 1967a). This 
steroid was the predominant corticosteroid in the plasma o f seven elasmobranch species 
(Truscott and Idler, 1972) and was also found in cranial, perivisceral and pericardial 
fluids (Idler and Truscott, 1968). Previous reports o f the isolation o f cortisol and 
aldosterone from elasmobranchs (Chester Jones and Phillips, 1960; Bern et al, 1962) 
could not be confirmed (Idler and Truscott, 1966a, b; Simpson and Wright, 1970). 
Production o f 1 a-hydroxycorticosterone from elasmobranch interrenal tissue was shown
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to be temperature sensitive. Activity was completely lost when tissue was incubated at 
37°C (Idler and Truscott, 1966b). This study also showed that the 1I p-hydroxylase 
inhibitor, 2-methyl-1,2-bis-(3-pyridyl)-l-propanone (SU-4885, metryapone, metopirone) 
at a concentration o f 22 pM reduced conversion o f corticosterone to la -  
hydroxycorticosterone by 50%. In  vitro incubations o f interrenal tissue from several 
species o f elasmobranch indicated that both 1 a-hydroxycorticosterone and 11- 
dehydrocorticosterone (Kendall's substance "A"; Figure 1-2) were formed from 
corticosterone (Truscott and Idler, 1968; Idler and Truscott, 1969). Bern et al. (1962) 
isolated 11-dehydrocorticosterone from extracts o f dogfish interrenal tissue. This steroid 
was later isolated from the plasma o f five other elasmobranch species (Truscott and 
Idler, 1972). Corticosterone and 11-deoxycorticosterone, precursors in the synthesis o f 
both I a-hydroxycorticosterone and 11-dehydrocorticosterone, have been detected in the 
plasma o f many elasmobranchs in concentrations much lower than la -  
hydroxycorticosterone (Simpson and Wright, 1970; Truscott and Idler, 1972;
Rasmussen and Crow, 1993).
It is unclear what roles corticosteroids play in elasmobranch physiology. Idler et 
al. (1967) used rodent bioassays to investigate the mineralocorticoid and glycogenic 
activity o f 1 a-hydroxycorticosterone. This study indicated that 1 a- 
hydroxycorticosterone had mineralocorticoid activity, but not glucocorticoid activity. 
Mineralocorticoids regulate ionic balance by acting on tissues involved in ionoregulation. 
The rectal gland is a primary effector organ in the ionoregulatory system o f 
elasmobranchs, secreting a sodium chloride solution which is isosmotic with plasma







Figure 1-1. la,lip,21-trihydroxy-4-pregnen-3,20-dione (1 a-hydroxycorticosterone), 
the principal corticosteroid in elasmobranchs.






Figure 1-2. 2 l-hydroxy-4-pregnen-3,11,20-trione (11-dehydrocorticosterone), a steroid 
produced in the interrenal o f elasmobranchs.
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(Burger, 1972). Chan et al. (1967) observed a decrease in rectal gland secretion in 
lipsharks {HemiscyUium piagiosum) injected with cortisoi and corticosterone. Further 
evidence that 1 a-hydroxycorticosterone could play a role in sodium retention was 
offered by Armour et al. (1993a). Scyliorhinus canicula fed a low protein diet were 
unable to maintain a normal plasma urea concentration and retained a higher than normal 
concentrations o f sodium chloride to maintain plasma osmolarity. Plasma concentrations 
o f 1 a-hydroxycorticosterone were also increased, leading the authors to speculate that 
this steroid was acting upon effector organs (perhaps the rectal gland or kidney) to 
stimulate sodium retention. In the euryhaline stingray, Dasyatis sabina, interrenalectomy 
significantly reduced plasma osmolarity. Corticotropin (ACTH) had apparently no effect 
on plasma osmolarity in rostral lobectomized fish (de Vlaming et al., 1975). Prolactin 
was effective in reducing blood urea and sodium levels in these fish, and ACTH reversed 
the effects o f prolactin. However, opposite conclusions about the role o f 1 a- 
hydroxycorticosterone were reached by Holt and Idler (1975), who studied the effect of 
interrenalectomy on the skate, Raja ocellata. The rectal gland o f interrenalectomized 
animals produced less rectal gland fluid and excreted less sodium chloride than normal 
skates. Injections o f 1 a-hydroxycorticosterone and corticosterone into 
interrenalectomized animals resulted in an increase in rectal gland secretion, with a 
concomitant increase in sodium concentration and decrease in potassium concentration 
in rectal gland fluid. However contradictory, the results from these different studies 
implicate 1 a-hydroxycorticosterone acts as a mineralocorticoid.
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Indirect evidence suggests possible glucocorticoid effects o f interrenal steroids. 
ACTH increases the secretion o f 1 a-hydroxycorticosterone from the interrenai giand 
(Armour et al., 1993b; Hazon and Henderson, 1985; Klesch and Sage, 1973). Injections 
o f mammalian corticotropin increases plasma glucose in Squalus acanthias (deRoos and 
deRoos, 1973). Skates (R. erinacea) display marked hypoglycemia following 
hypophysectomy, a condition reversed with injections o f ACTH (Grant and Banks, 
1967). However, other assays failed to demonstrate glucocorticoid activity by la -  
hydroxycorticosterone (Idler et al., 1967b), casting some doubt on its role as a 
glucocorticoid.
Cytosolic receptors for 1 a-hydroxycorticosterone occurs in the gill, liver, rectal 
gland and kidney, with the highest density o f binding occurring in the gill and liver 
(Moon and Idler, 1974). Antibodies developed to a cytosolic glycoprotein receptor for 
I a-hydroxycorticosterone isolated from elasmobranch gill tissue indicate that this 
receptor has a wide tissue distribution. This protein binds a range o f other steroids, 
including 11-deoxycorticosterone, corticosterone and several gonadal steroids, casting 
doubt upon its specificity for 1 a-hydroxycorticosterone and activity (Idler and Kane, 
1980). The results o f the studies reviewed here suggest that corticosteroids play 
important roles in osmoregulation and energy metabolism in elasmobranchs. Because of 
these crucial physiological roles it is important to understand the mechanisms regulating 
steroidogenic enzymes. Thus the study o f the regulation o f the elasmobranch interrenal 
gland was undertaken.
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The objectives o f this study are to provide basic biochemical information about 
the activities and primary structure o f steroidogenic enzymes in the elasmobranch 
interrenal. The effects o f peptide hormones upon steroidogenic enzymes and the 
synthesis o f corticosteroids were also investigated. Such information will allow a better 
understanding o f steroidogenic enzymes in general and the function o f interrenal 
steroidogenesis in the elasmobranch interrenal. There is little information regarding the 
steroidogenic pathway in elasmobranchs with which to base such studies. A review o f 
studies o f steroidogenesis in other species which helped provide the rationale for the 
current study is presented in chapter two.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.0 Literature Review
2.1 Regulation of Interrenal Steroidogenesis
2.1.1 Regulation by Corticotropin
ACTH is released from the pituitary in response to corticotropin releasing 
hormone. The ACTH receptor found on the plasma membrane o f adrenocortical cells 
activates a stimulatory G-protein which is coupled to adenylyl cyclase, leading to an 
increase in intracellular cyclic adenosine 3',5’-monophosphate (cAMP) concentrations 
(Waterman, 1995). The acute effect o f this pathway is to induce the mobilization o f 
cholesterol to the intermembrane space o f mitochondria. Such mobilization increases 
the concentration o f free cholesterol at the active site o f cholesterol side chain cleavage 
cytochrome P450 (P450scc) and greatly increasing steroidogenesis.
Cyclic AMP activates two different mechanisms o f cholesterol transport. The 
first involves the activation o f cholesterol ester hydrolase by cAMP-dependent protein 
kinase, which releases free cholesterol from cytoplasmic lipid droplets (Beckett and 
Boyd, 1977). This process may involve directed trafficking o f these droplets to the 
vicinity o f the mitochondria in a manner which is dependent upon intermediate filaments 
(Almahbobi et al., 1992) or actin filaments (Cronshaw et al., 1992).
The second mechanism involves the use o f unesterified cholesterol through a 
process dependent upon de novo protein synthesis, which can be blocked by 
cycloheximide (Garren et al., 1965). Cycloheximide does not effect the accumulation o f 
cholesterol in the outer mitochondrial membrane nor does it alter the activity o f P450scc 
(Privalle et al., 1983). It is therefore apparent that a "labile protein" is responsible for
15
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the transport o f cholesterol from the outer mitochondrial membrane to the inner 
mitochondrial membrane (Waterman, 1995). There are a number o f molecules which 
have been implicated in the transfer o f cholesterol across the mitochondrial matrix space. 
ACTH stimulates the rapid, cycloheximide-sensitive accumulation o f the Steroidogenesis 
Activator Polypeptide (SAP; Pederson and Brownie, 1987). Sterol Carrier Protein, 
(SCP,) augments steroidogenesis, but is not sensitive to cycloheximide and is not 
induced by ACTH (Vahouny et al. 1987). SAP acts synergistically with GTP to increase 
steroidogenesis in rat mitochondria, but the effects o f SCP2 are simply additive when 
combined with other factors, implying a separate mode o f action (Xu et al., 1991). A 
small (8.2 IcDa) protein was purified which also increases the transport o f cholesterol to 
the inner mitochondrial membrane and stimulates pregnenolone synthesis (Yanagibashi et 
al., 1988).
Although these proteins certainly play a role in the regulation o f steroidogenesis, 
the best candidate for the indispensable "labile protein" in steroidogenesis is 
Steroidogenic Acute Regulatory protein (StAR; Clark et al, 1994). Direct evidence o f 
the role o f StAR in steroidogenesis came from humans affected with congenital adrenal 
hyperplasia in which normal steroidogenesis is drastically decreased. In three individuals 
with congenital adrenal hyperplasia, the gene encoding StAR was mutated and 
nonfunctional, demonstrating the importance o f StAR to steroidogenesis (Lin et al.,
1995). The accessibility o f substrate for pregnenolone synthesis is complicated by the
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existence o f several cholesterol pools (Stevens et al., 1992) and it is likely that a single 
protein is not responsible for ail o f the acute effects o f ACTH on cycloheximide processes
Chronic exposure to ACTH in mammals generally leads to the induction o f 
transcription o f the genes encoding steroidogenic proteins and their subsequent 
translation into active protein (Simpson and Waterman, 1988). Induction o f 
transcription by ACTH and cAMP is sensitive to cycloheximide and is therefore 
dependent upon a protein which undergoes rapid turnover (John et al., 1986). This 
protein factor has been tentatively identified as the Steroid Hydroxylase Inducing Protein 
(SHIP; Simpson and Waterman, 1988) which probably acts as a transcription factor.
The genes encoding mammalian steroid hydroxylase proteins tend to have areas o f high 
GC content in the 5'-promoter regions which could bind transcriptional factors.
The effects o f ACTH and activators o f the cAMP pathway are well documented 
in mammals (M iller and Tyrrell, 1995). Although not fully understood, the effects o f 
ACTH in fish are similar in many ways to those seen in mammals (Schreck et al., 1989). 
Corticotropin releasing hormone regulates the release o f ACTH from the pituitary in 
teleosts in a manner which is sensitive to plasma cortisol levels (Fryer and Peter,
1977a,b). Thyroxin and growth hormone appear to potentiate the effects o f ACTH in 
the teleost interrenal (Young and Lin, 1988; Young, 1988). There is good evidence that 
ACTH acts via the cAMP second messenger system in fish (Iran and Yam, 1980). 
Forskolin, an activator o f adenylyl cyclase and dibutyryl cAMP (dbcAMP), a membrane 
permeable analog o f cAMP, increased the production o f cortisol in juvenile 
Oncorhynchus kisittch interrenal tissue in vivo (Patino and Schreck, 1986). Both
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forskolin and dbcAMP were effective at inducing 1 a-hydroxycorticosterone synthesis in 
isolated interrenal tissue o f the shark, Scyliorhirtus canicula (OToole et al., 1990). 
Extracellular calcium is necessary for the binding o f ACTH to its receptor in mammals 
(Cheitlin et al., 1985), and the response o f isolated glomerulosa cells to ACTH is 
diminished in the absence extracellular calcium (Fakunding et al., 1985). The binding o f 
ACTH to its receptor is followed by an influx o f calcium, which could be mediated 
through Gs activated calcium channels (Kojima et al, 1985; Gilman, 1987). The 
intracellular actions o f calcium are apparently mediated through an interaction with 
calmodulin (Wilson et al., 1984). Extracellular calcium is necessary for interrenal 
stimulation in teleosts (Decourt and Lahlou, 1986). The calcium ionophore A23187 is 
effective in increasing the production o f 1 a-hydroxycorticosterone in S. canicula 
interrenal tissue and the response to ACTH is diminished in the absence o f extracellular 
calcium (Armour et al., 1993b).
2.1.2 Regulation by Angiotensin I I
The renin-angiotensin system is known to impinge upon the steroidogenic 
activities o f the mammalian adrenal cortex. Angiotensin H is an octapeptide formed 
through the actions o f two enzymes (renin and angiotensin converting enzyme) upon a 
large precursor called angiotensinogen. Angiotensin II binds two subtypes o f plasma 
membrane receptors, termed AT, and AT2 (Bumpus et al., 1991). Steroidogenesis in 
adrenocortical cells is stimulated through the AT, receptor (Clyne et al., 1993). The AT, 
receptor appears to be coupled to a G-protein and the response o f adrenal cells to 
angiotensin II can be enhanced by non-hydrolyzable GTP analogs (Spat et al., 1991).
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Binding o f angiotensin II to the ATt receptor stimulates steroidogenesis in mammalian 
adrenal glomeruiosa ceils through the formation o f inositol 1,4,5-triphosphate (IP3) and 
diacylglycerol (Spat et al., 1991). IP3 releases intracellular calcium stores by binding to 
intracellular receptors, while the primary effect o f diacylglycerol is the activation o f 
protein kinase C (Rana and Hokin, 1990). The precise role that these systems play in 
stimulating steroidogenesis is still unclear. Nonetheless, however angiotensin I I  may act 
in the mobilization o f cholesterol and reducing cofactors (Spat et al., 1991). A recent 
study has demonstrated the role o f the StAR protein in the stimulatory actions o f 
angiotensin II and K* in human adrenocortical carcinoma cells, indicating cholesterol 
mobilization may represent a common thread in divergent regulatory pathways (Clark et 
al., 1995).
The renin-angiotensin system has been identified in every vertebrate class except 
cyclostomes (Uva et al., 1992). Reports on the effects o f the renin-angiotensin system 
on interrenal gland steroidogenesis in teleosts are contradictory (Henderson et al., 1976; 
Takahashi et al., 1985; Vetter and Hanke, 1985). Although once thought to be absent, 
there is evidence suggesting the presence o f functional components o f the renin- 
angiotensin system in elasmobranchs (Hazon et al., 1989; Uva et al., 1992). In S. 
canicula, hypophysectomy and dexamethasone injections significantly reduced, but did 
not eliminate, plasma 1 a-hydroxycorticosterone (Hazon and Henderson, 1985), pointing 
to a nonhypophysial pathway o f regulation o f steroidogenesis. Autologous renal extracts 
and mammalian angiotensin II increased plasma concentrations o f la -  
hydroxycorticosterone in S. canicula (Hazon and Henderson, 1985). Both Val5-
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angiotensin II and IIes-angiotensin I I  increased the synthesis o f 1 a- 
hydroxycorlicosterone in isolated perfused interrenai giands o f the same species, 
although the mammalian form (He5-angiotensin II) was more potent (O'Toole et al.,
1990; Armour et al., 1993b). Mammalian adrenal glomerulosa cells are very sensitive to 
changes in extracellular potassium (Spat et al., 1991). The fish interrenal does not 
appear to share this sensitivity to potassium. Changes in extracellular potassium 
concentrations elicited an increase in 1 a-hydroxycorticosterone production by S. 
canicula interrenal tissue only at the supraphysiological concentration o f 28 mM 
(O'Toole et al., 1990), which is much different than the response in mammals (Haning et 
al., 1970), but similar to the response in juvenile salmon (Patino and Schreck, 1988).
2.1.3 Nonclassical Pathways of Interrenal Regulation
Other factors are known to be corticotrophic. Atrial natriuretic hormone acts to 
inhibit aldosterone synthesis by closing voltage-gated calcium channels (McCarthy et al.,
1990). However, autologous natriuretic peptides stimulated in vivo and in vitro cortisol 
production in eels (Takei and Balment, 1993). The N-terminal fragment o f 
proopiomelanocortin may have stimulatory effects in some fish (Takahashi et al., 1985). 
Crude and purified salmon gonadotropin stimulated the production o f both cortisol an 
androstenedione in salmon interrenal tissue in vitro (Schreck et al., 1989). Although 
there appears to be a functional negative feedback loop in the fish interrenal, other 
steroids may be corticotrophic. The maturation inducing steroid o f salmon, 17a,20P- 
dihydroxy-4-pregnen-3-one, stimulated the production o f cortisol in salmon interrenal 
tissue. This steroid induced interrenal steroidogenesis through a cAMP pathway and its
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effects could be blocked by the protein kinase A  inhibitor, H-89 (Barry et al., 1996). It 
is thought that such stimulation may be responsible in part for the post-spawning 
mortality seen in semelparous fish.
2.2 The Steroidogenic Pathway of the Elasmobranch Interrenal
Corticosteroids in all vertebrates are synthesized by cytochrome P450 and 
hydroxysteroid dehydrogenase enzymes found in the membranes o f the endoplasmic 
reticulum and mitochondria. In some instances, it is thought that a single enzymatic 
activity exists in both the endoplasmic reticulum and mitochondria, adding a level o f 
complexity to the regulation o f the steroidogenic pathway. The elasmobranch interrenal 
steroidogenic pathway is characterized by six predominant enzymatic activities ( Figure 
2-1): cholesterol side chain cleavage cytochrome P450 (P450scc), 3p-hydroxysteroid 
dehydrogenase/isomerase (3P-HSD), cytochrome P450 21-hydroxylase (P450c2l), 
cytochrome P450 11 p-hydroxylase (P450cl 1), cytochrome P450 la-hydroxylase 
(P450cl) and 11 p-hydroxysteroid dehydrogenase (11P-HSD).
2.2.1 General Characteristics of Cytochrome P450 Monooxygenase Enzymes
The cytochrome P450 superfamily is an ancient and diverse group o f enzymes, 
and are present in all eukaryotes and some prokaryotes (Nebert and Gonzalez, 1987). 
Although bacterial P450 enzymes are soluble, eukaryotic P450s are associated with 
membranes, either in the matrix membrane o f the mitochondria or on the cytoplasmic 
side o f the endoplasmic reticulum (Black, 1992; Waterman, 1992). The classification o f 
a heme protein as a cytochrome P450 is defined by its absorption spectrum, with the 
Fe(II)-CO complex o f the active enzyme characterized by a soret band near 450nm, due














Figure 2-1. The elasmobranch interrenal steroidogenic pathway.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
to an axial ligation o f the heme iron with a cysteine residue o f the protein (Omura and 
Sato, 1964). This cysteine and the amino acids o f the region surrounding it (the heme 
binding region) are highly conserved in all cytochromes P450 (Guengerich, 1991).
All cytochromes P450 have an iron-protoporphyrin IX  cofactor and display 
similar mechanisms for the main classes o f reactions they catalyze. Most importantly, 
they all have very similar catalytic cycles o f dioxygen activation (Mansuy et al., 1989). 
The catalytic cycle o f cytochrome P450 can be divided into two parts, dioxygen 
activation and substrate oxidation, and displays four well characterized intermediates. 
Two forms o f P450 are in equilibrium when the enzyme is in a resting state: a low-spin 
six coordinate Fe(III) complex bearing two axial ligands, the conserved cysteine and 
apparently a hydroxyl containing residue, and a five coordinate high-spin iron(HI) 
complex with only the cysteine as a ligand. Substrate binding, which occurs in a protein- 
binding hydrophobic site close to the heme (Mansuy et al., 1989), shifts the equilibrium 
to the five coordinate form. The five coordinate form has a higher reduction potential 
than the six coordinate form, facilitating electron transfer. An electron is transferred 
from reduced nicotinamide adenine dinucleotide phosphate (NADPH) to the enzyme via 
an electron transport chain, leading to the high-spin five coordinate deoxyferrous form o f 
the enzyme. The addition o f a dioxygen molecule drives the formation o f the last stable 
intermediate, oxy-P450. The intermediate o f the catalytic cycle responsible for the 
transfer o f an oxygen molecule to the substrate is a product o f a single electron reduction 
o f the oxy-P450. The half-life o f this oxidizing intermediate cannot be studied by current 
spectroscopic techniques. The most likely mechanism o f dioxygen activation involves
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the formation o f a F e (III)-0 -0H  intermediate formed by a one-electron reduction o f the 
Fe(H)-0, complex. The subsequent heteroiytic cleavage o f the oxygen-oxygen bond 
leads to the formation o f a high-valent iron-oxo complex derived formally from a two- 
electron oxidation o f the ferric state (Mansuy, et al., 1989). It is proposed that the 
thiolate ligand is crucial to this process by serving as a strong electron donor to facilitate 
cleavage o f the 0 -0  bond (Dawson, 1988). Hydroxylated organic product and water are 
formed after the abstraction o f a hydrogen atom by the high-valency iron-oxo 
intermediate from the substrate and the oxidation o f the intermediate free radical by the 
Fe(IV)-OH species within the active site o f the enzyme (Mansuy, et al. 1989). For 
reviews detailing the P450 catalytic cycle, see Dawson (1988), Guengerich (1991) and 
Mansuy et al. (1989).
2.2.2 The P450 Electron Shuttle
The majority o f cytochrome P450 enzymes are associated with the endoplasmic 
reticulum. These enzymes depend upon a single flavoprotein containing FMN and FAD 
as their electron transport system, termed NADPHrferricytochrome oxidoreductase 
(P450 reductase; E.C. 1.6.2.4; Guengerich, 1991). Each flavin is proposed to have 
individual functions, with the FAD accepting electrons from NADPH and transferring 
them to FMN, which acts as the electron donor to cytochrome P450 (Iyanagi and 
Makino, 1980). Cytochrome P450 reductase from rabbit liver had a molecular weight o f 
approximately 80 kDa (French et al., 1980b). Digestion o f this protein yielded two 
fragments, neither o f which could reduce cytochrome P450, and indicated that the 
hydrophobic tail o f P450 reductase was necessary for interaction with cytochrome P450
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(French et al., 1980b). Modification o f arginine residues with 2,3-butanedione or 
phenylglyoxal inactivates cytochrome P450 reductase (Ebel, 1980), indicating arginine 
plays a critical role in the binding site o f this protein. In the liver, the majority o f P450 
reductase is located free o f the endoplasmic reticulum lipid bilayer (Vermilion and Coon, 
1978) and is 10 to 100 times less abundant than the associated cytochrome P450 (French 
et al., 1980a). ACTH and dbcAMP can induce the synthesis o f P450 reductase in 
cultured bovine adrenocortical cells (Dee et al., 1985), perhaps increasing the flow o f 
electrons to cytochrome P450 and increasing the rate o f steroidogenesis.
Although cytochrome P450 reductase is required for the reduction o f microsomal 
cytochrome P450, there is evidence that cytochrome b5 also plays an active role in this 
system. Early studies implicated the involvement o f cytochrome b5 in drug metabolism 
by hepatic cytochromes P450 (Hildebrant and Estabrook, 1971). Recent studies have 
shown that cytochrome b5 takes part in gonadal and adrenal steroidogenesis. The lyase 
activity o f adrenal cytochrome P450cl7a is enhanced in the presence o f cytochrome b5, 
a phenomenon which may be important in the regulation o f the synthesis o f androgens 
and glucocorticoids in mammals (Shinzawa et al., 1985). The conflicting results o f 
earlier studies (Hitwatashi and Ichikawa, 1981; Katagiri et al. 1982; Onoda and Hall, 
1982), may be clarified by the recent finding that the ratio o f cytochrome b5, P450 
reductase and cytochrome P450c21 is important in determining the effects o f 
cytochrome bs in this system (Kominami et al., 1992).
Many steroid metabolizing cytochromes P450, including enzymes essential to the 
production o f bioactive steroids, are found in mitochondria (Black, 1992). It is
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hypothesized that eukaryotic mitochondrial cytochromes P450 are more closely related 
to bacterial cytochromes P450 than are the eukaryotic microsomal cytochromes P450 
(Waterman, 1992). Part o f the evidence which has lead to this conclusion involves the 
mechanism o f electron transfer between NADPH and the cytochrome P450 (Nebert and 
Gonzalez, 1987). The electron transport mechanism in bacteria involves transfer o f 
electrons from NADPH to a flavin containing protein, which then reduces an iron-sulfur 
protein called putredoxin (Waterman, 1992). Putredoxin then transfers an electron to 
the cytochrome P450. This mechanism o f electron transfer, termed the "adrenodoxin 
shuttle" (Lambeth et al. 1984) is also common to all mitochondrial P450 monoxygenase 
systems in eukaryotes. The eukaryotic electron transport system consists o f a 
flavoprotein (adrenodoxin reductase) and an iron-sulfur protein (adrenodoxin; 
Guengerich, 1991; Pederson, et al., 1976). Adrenodoxin reductase, adrenodoxin and 
cytochrome P450 are found in a ratio o f 1:3:8 in the bovine adrenal cortex where two 
mitochondrial cytochromes P450 (P450scc and P450cll) are present and a ratio o f 
1:2.5:3 in bovine corpus luteum where only P450scc is expressed (Hanukoglu and 
Hanukoglu, 1986).
Adrenodoxin reductase (ferrodoxin:NADP+ oxidoreductase, E.C. 1.18.1.2) 
catalyzes the reduction o f adrenodoxin by NADPH (Omura et al., 1966). Adrenodoxin 
reductase is a large (approximately 45-55 kDa) flavoprotein loosely associated with the 
inner mitochondrial membrane. This protein maintains two conserved features o f 
oxidoreductases: the FAD-binding domain and the NADPH binding domain, each 
containing a similar "supersecondary" structure, a Rossman fold (PaP; Hanukoglu and
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Gutfinger, 1989; Lin et al., 1990). The importance o f the NADPH-binding site in many 
enzymes has been confirmed by site-directed mutagenesis (Scrutton et al., 1990). 
Southern blot analysis o f human genomic DNA indicates there is a single gene for 
adrenodoxin reductase located on chromosome 17cen—q25 (Lin et al. 1990). 
Transcription o f the human adrenodoxin reductase gene gives rise to two transcripts 
differing by 18 nucleotides which arise through the process o f alternative splicing 
(Solish et al., 1988). The longer transcript represents only about 1% o f adrenodoxin 
reductase mRNA and is thought to produce an inactive product due to disruption o f the 
NADPH binding domain by the extra 6 amino acid residues (Solish et al., 1988;
Brentano et al., 1992). Both transcripts are found in all tissues. The longer transcript is 
most likely a passive product o f transcription (Brentano et al., 1992).
In eukaryotic cells, the iron-sulfur protein o f the P450 system is referred to as 
adrenodoxin (also known as ferredoxin). It is a small protein (12 kDa), found in solution 
between the mitochondrial matrix and the outer mitochondrial membrane (Kimura and 
Suzuki, 1967; Pederson et al., 1976; Hiwatashi et al., 1986). The active center o f 
adrenodoxin contains two iron atoms, each coordinated tetrahedrally with two cysteinyl 
sulfurs and two acid-labile sulfur atoms (Tsubaki et al., 1989). The paucity o f 
adrenodoxin in mitochondrial monoxygenase systems may be o f importance in the 
regulation o f the system. Transcription o f adrenodoxin mRNA has been shown to be 
induced in response to ACTH (Simpson and Waterman, 1988). The rate limiting step in 
steroid biosynthesis is believed to be the formation o f pregnenolone from cholesterol, a 
reaction catalyzed by the mitochondrial cholesterol side-chain cleavage cytochrome P450
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(P450scc). The induction o f adrenodoxin might help to increase the rate o f electron 
transfer in this highly complex reaction. Phosphorylation o f adrenodoxin may also play a 
role in the regulation o f steroid biosynthesis. Purified adrenodoxin can be 
phosphorylated by purified cAMP-dependent protein kinase, which increases the rate o f 
reaction for mitochondrial P450s by as much as 50% (Monnier et al., 1987). 
Phosphorylation also increases the resistance o f adrenodoxin to mild trypsin degradation, 
which might increase the longevity o f an individual adrenodoxin molecule in an induced 
cell. Phosphorylation might also explain the heterogeneity o f purified preparations o f 
adrenodoxin from some sources (Hiwatashi et al., 1986).
In its oxidized state, both iron atoms o f adrenodoxin are in the +3 state, but only 
one electron can be introduced into the Fe^Sj core by adrenodoxin reductase (Tsubaki et 
al., 1989). According to the "adrenodoxin shuttle" hypothesis proposed by Lambeth et 
al., 1984, adrenodoxin initially forms a 1:1 complex with adrenodoxin reductase. 
Reduction o f the iron-sulfur center promotes dissociation o f this complex and allows 
binding to the cytochrome P450 with subsequent electron transfer from adrenodoxin to 
the enzyme. Increasing ionic strength inhibits the binding o f adrenodoxin to both 
adrenodoxin reductase and cytochrome P450, implying that electrostatic interactions 
contribute considerably to the binding o f these proteins to one another (Tsubaki et al., 
1989). In addition, cytochrome P450 and adrenodoxin reductase compete in the binding 
o f adrenodoxin, which may mean that the binding sites for these proteins are identical or 
at least overlap (Tsubaki et al., 1989). The hyperbolic dependence o f the reaction rate o f
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P450scc upon adrenodoxin is transformed into a sigmoidal one with the addition o f 
adrenodoxin reductase, which demonstrates competition for binding (Hanukoglu and 
Jefcoate, 1980).
Adrenodoxin is an unusually acidic protein with approximately 14% o f its amino 
acid residues being negatively charged aspartate and glutamates. These residues appear 
to participate in interactions with positively charged residues on adrenodoxin reductase 
and cytochrome P450. Modification o f these negatively charged residues leads to 
diminished binding o f adrenodoxin to adrenodoxin reductase and cytochrome P450 
(Lambeth et al., 1984). Carboxyl groups o f proteins can be cross-linked by l-ethyl-3-(3- 
dimethylaminopropyi)carbodiimide (EDC; Geren, et al., 1984). Treatment o f 
adrenodoxin inhibits binding to adrenodoxin reductase and cytochrome P450 (Tuls, et 
al., 1989; Geren et al., 1984). When mixed separately with adrenodoxin reductase and 
cytochrome P450 and treated with EDC, the carboxyl groups o f adrenodoxin and the 
respective complementary protein were cross-linked, forming 1:1 complexes. However, 
when all three proteins were mixed together and treated with EDC, these same binary 
complexes were formed, but no ternary complexes could be detected (Lambeth et 
al.,1984; Tuls et al., 1989). Modification o f positively charged residues on adrenodoxin 
reductase and cytochrome P450 also decreased binding. Hamamoto and Ichikawa 
(1984), treated adrenodoxin reductase with pyridoxal-5'-phosphate and NaBH, to 
modify lysine residues. This modification led to diminished binding o f adrenodoxin. 
Tsubaki, et al. (1989) also used the same treatments to modify lysine residues on 
cytochrome P450scc, and also observed decreased binding. Tuls et al. (1989) modified a
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single lysine residue with fluorescien isothiocyanate which inhibited binding o f 
adrenodoxin to cytochrome P450scc. Lysine residues 377 and 381 o f bovine P450scc 
were shown to be essential to adrenodoxin binding by site-directed mutagenesis o f the 
bovine P450scc cDNA (Wada and Waterman, 1992). Lysine residues appear to be very 
important to the binding o f NADPH-cytochrome P450 reductase to liver microsomal 
P450d as well. Conversion o f conserved ionic residues at positions 94, 99, 105, 440, 
453, 455, and 463 by site-directed mutagenesis dramatically decreased the turnover 
number o f this enzyme (Shimizu et al., 1991).
2.2.3 Hydroxysteroid Dehydrogenase Enzymes
The short chain alcohol dehydrogenase (SCAD) family contains a diverse group 
o f proteins from both prokaryotes and eukaryotes which metabolize a wide variety o f 
substrates and are loosely related by function and primary structure (Persson et al.,
1991). Included in this family are the hydroxysteroid dehydrogenases, which catalyze 
the removal o f a hydrogen atom from a hydroxyl substituent group o f a specific steroid 
carbon in a reaction dependent upon oxidized forms o f nicotinamide adenine 
dinucleotides (NAD* or NADP"). Two regions are strongly conserved in the primary 
structure o f these proteins. The first is a Rossman pap structure near the amino 
terminus, which is thought to be involved in the binding o f the nucleotide cofactor. The 
second, about 140 residues closer to the carboxy terminus, contains residues which 
function in catalysis (Agarwal et al., 1995). These enzymes are responsible for such 
reactions as the interconversion o f active glucocorticoids to their inactive forms 
(Monder, 1993) and the metabolism o f sex steroids (Maser, 1995). The conversion o f
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A5, 3 p-hydroxy steroids into their respective A4, 3-keto steroids is catalyzed by 3 P- 
hydroxysteroid dehydrogenase. This enzyme, only distantly related to the other SCAD 
members, is crucial to the synthesis o f all bioactive steroids (Persson et al., 1991).
2.3 Steroidogenic Enzymes of the Elasmobranch Interrenal
Elasmobranch interrenal tissue offers an excellent model for the study o f 
interrenal steroidogenesis and steroidogenic enzymes. The elasmobranch interrenal does 
not display the zonation o f the mammalian adrenal cortex and there is no intermingling o f 
adrenocortical cells with chromaffin or other cell types as seen in the teleost interrenal 
(Armour et al., 1993b). Cholesterol is converted into pregnenolone by P450scc in the 
mitochondria o f elasmobranch interrenal cells. Pregnenolone is converted in two 
sequential steps to deoxycorticosterone by two enzymes in the endoplasmic reticulum,
3 p-hydroxysteroid dehydrogenase and cytochrome P450c21. Two mitochondrial 
enzymes, cytochromes P450cll and P450cl, convert 11-deoxycorticosterone into the 
predominant corticosteroid in elasmobranch plasma, 1 a-hydroxycorticosterone, a steroid 
unique to elasmobranchs (Truscott and Idler, 1968). There have been no reports o f 
cytochrome P450cl7 activity, which is essential for the production o f cortisol and sex 
steroids, in the interrenal o f any elasmobranch species (Truscott and Idler, 1972). Early 
reports o f 17-hydroxyIated steroids such as cortisol could not be confirmed by later 
studies (Bern et al., 1962). Other steroidogenic activities have been reported however, 
including 11P-HSD (Truscott and Idler, 1968; Idler and Truscott, 1969). In addition,
11-dehydrocorticosterone has been detected in the plasma o f several species o f
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elasmobranchs (Bern et al., 1962; Truscott and Idler, 1972). The elasmobranch 
interrenal is therefore limited to the production o f derivatives o f corticosterone.
2.3.1 Cholesterol Side Chain Cleavage Cytochrome P450
The rate limiting step in steroid biosynthesis is believed to be the formation o f 
pregnenolone from cholesterol (Waterman, 1995). This crucial step in the formation o f 
all bioactive corticosteroids and sex steroids was at one time thought to involve several 
different enzymes involved in insertion o f oxygen and cleavage o f the side chain (Muller, 
1991). However, studies with both purified enzyme and eukaryotic cells transfected with 
cDNA encoding for P450scc (E.C. 1.14.15.6; product o f the CYP11A gene) have 
revealed that all steps involved in the formation o f pregnenolone from cholesterol are 
catalyzed by a single protein (Muller, 1991).
The conversion o f cholesterol (a 27 carbon sterol) to pregnenolone (a 21 carbon 
sterol) involves three consecutive monooxygenation steps and a total o f six electron 
transfer steps (Burstein et al., 1976; Hume et al., 1984). The catalytic cycle can be 
divided into two phases, oxygen activation and substrate oxidation. The initial step in 
the synthesis o f pregnenolone is the hydroxylation o f carbon 22, considered the rate 
limiting step in this set o f reactions (Lambeth et al., 1982). This is followed by 
hydroxylation o f the 20 carbon, and the formation o f a 20,22-dihydroxycholesterol 
intermediate (Hume et al., 1984). The mechanism by which side-chain cleavage inserts 
the third oxygen into the cholesterol molecule is poorly understood. However, the third 
step results in the cleavage o f a six-carbon chain and the formation o f a ketone at the 20 
carbon. The product o f these reactions is pregnenolone.
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The presence o f P450scc in rat testicular tissue was demonstrated by Shimizu et 
ai. (1961). This activity was localized to mitochondria in testicular tissue (Bass et al., 
1973). Rat testicular mitochondria were shown to display a CO-difFerence spectra with 
a maxima approximately 450 nm, a characteristic o f all cytochromes P450 (Mason and 
Estabrook, 1973). P450scc was purified from bovine adrenal mitochondria and porcine 
testes (see Kuwada et al. 1991, for fu ll references). The cDNA sequence encoding 
P450scc has been isolated from human (Chung et al., 1986), rat (Oonk et al., 1990), 
bovine (Morohashi et al., 1984, John et al. 1984) and porcine (Mulheron et al., 1989) 
steroidogenic tissue and southern blot analysis indicates that P450scc is encoded by a 
single gene in human, cow, and rat. Prior to this dissertation, the only nonmammalian 
P450scc cDNAs which have been isolated are from the rainbow trout (Takahashi et al. 
1993) and the channel catfish (Dr. John M. Trant, unpublished data). Isolation o f 
purified protein and cDNAs have allowed the investigation o f the regulation o f the 
transcription and translation o f a number o f steroidogenic enzymes, including P450scc.
Chronic treatment o f bovine adrenocortical cells with ACTH induces the 
synthesis o f P450scc (Dubois et al., 1981) through the stimulation o f transcription o f 
P450scc mRNA (John et al., 1984). Analogs o f cAMP (dibutyryl cAMP and 8-bromo- 
cAMP) mimicked the effects o f ACTH on P450scc synthesis (Kramer et al., 1983, 1984) 
indicating that ACTH probably acts through adenylyl cyclase to promote an increase in 
intracellular cAMP. The 5'-flanking region o f the bovine P450scc gene contains a 
nuclear protein binding site essential for the modulation o f P450scc gene expression by 
forskolin and phorbol 12-myristate 13-acetate (Begeot et al., 1993). Isolation o f a
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bovine P450scc genomic clone revealed a cAMP responsive element in the 5'-flanking 
region o f the bovine P450scc gene located -118 to -100 upstream o f the transcriptional 
start signal (Momoi et al., 1992). Cyclic AMP responsive elements are found in the 5'- 
flanking regions o f human, pig, rat and mouse P450scc genes. ACTH and other trophic 
hormones act to increase P450scc transcription in these animals (Guo et al., 1994; Hatey 
et al., 1992; Urban et al., 1994; Oonk et al., 1989; Oonk et al., 1990; Mellon and Vaisse,
1989). Human fetal adrenal cells quickly accumulate P450scc mRNA when treated with 
ACTH or cAMP. Human gonadal tissue also accumulated P450scc mRNA when treated 
with gonadotropins or cAMP (Voutilainen and Miller, 1987). Cholera toxin ribosylates 
the stimulatory G-protein and prevents its inactivation. Both cholera toxin and 12-0- 
tetradecanoylphorbol acetate (a protein kinase C activator) stimulate the accumulation o f 
P450scc mRNA in human choriocarcinoma cells (Ritvos and Voutilainen, 1992). 
Lutenizing hormone is required for the continued expression o f P450scc mRNA in 
primate corpus luteum (Ravindranath et al., 1992). Angiotensin II significantly 
decreased P450scc mRNA in lutenizing hormone induced bovine luteal cells (Stirling et 
al. 1990). P450scc mRNA declined by 96% in bovine granulosa cells after the 
lutenizing hormone surge, and did not significantly differ from follicular development in 
theca interna cells (Voss and Fortune, 1993) indicating that the increases in follicular 
progesterone is not due to induction o f P450scc transcription. Expression o f P450scc in 
human chorionic gonadotropin(hCG)-treated pregnant rats was down-regulated (Durkee 
et al., 1992). Gonadotropin-releasing hormone agonists alter rat luteal cell structure, the 
accumulation o f P450scc mRNA and the production o f progesterone (Smith et al.,
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1991). There is a gonadotropin-independent regulation o f P450scc in the neonatal 
mouse ovary, which yields to a gonadotropin-dependent form o f regulation around the 
time o f secondary follicular maturation (O'Shaughnessy and Mannan, 1994). Follicle 
stimulating hormone (FSH) and 8-bromo-cAMP both elevated P450scc mRNA levels in 
hen granulosa cells via a process which could be blocked by epidermal growth factor and 
transforming growth factor a (Li and Johnson, 1993). Quiescent avian granulosa cells 
treated with FSH or forskolin for 24 hours displayed an increased ability to convert 
cholesterol to pregnenolone, and induction o f this ability could be blocked by phorbol
12-myristate 13-acetate (T illy et al., 1991). In the teleost fish, Oncorhynchus mykiss, 
the transcript for P450scc is seasonally regulated, with abundance increasing from early 
vitellogenic follicles to postovulatory follicles (Takahashi et al., 1993). The activity of 
P450scc may also be regulated by the availability o f reducing cofactors and rate o f 
electron transfer (Hanukoglu and Rapoport, 1995).
As P450scc catalyzes the rate limiting and committed step in steroidogenesis, the 
regulation o f its activity is crucial to the success o f the steroidogenic process. The 
importance o f this reaction is underscored by the regulation o f P450scc activity at 
several levels.
2.3.2 3 p-Hydroxysteroid Dehydrogenase/Isomerase
The conversion o f 5-pregnen-3p-ol and 5-androsten-3P-ol steroids into their 
respective 3-keto-4-ene-steroid counterparts is catalyzed by a microsomal enzyme, 30- 
hydroxysteroid dehydrogenase (E.C. 1.1.1.145) /  5-ene-4-ene isomerase (E.C. 5.3.3.1). 
This conversion involves the dehydrogenation o f the hydroxyl at the third carbon and an
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isomerization from a A 5 configuration to a A4 configuration. Both reactions have been 
shown to be catalyzed by a single protein through transient expression o f isolated 
cDNAs in nonsteroidogenic cells (see Simard et al., 1995 for review), although the 
active sites for these two separate reactions appear to reside in different regions o f the 
enzyme (Thomas et al., 1990). The dehydrogenation reaction is dependent upon a 
cofactor, most typically NAD" (Simard et al., 1995). Although this enzyme has 
traditionally been associated with the endoplasmic reticulum, there is growing evidence 
for the existence o f a mitochondrial isoform (Sauer et al., 1994) which may complex 
with P450scc to form a functional unit (Cherradi et al., 1995).
Despite its importance in the biosynthesis o f steroids, the primary structure o f 
this enzyme was one o f the last to be elucidated among the steroidogenic enzymes. 
Clinical differences in 3 p-HSD deficiencies in humans led to the belief that there may be 
more than one isoform o f 3 P-HSD in humans. Antibodies developed against purified 
human 3 P-HSD were used to isolate and characterize a human 3 P-HSD cDNA clone 
(Luu-The et al., 1989) and subsequently a gene (Lachance et al., 1990). Northern and 
Western blot analyses did not provide evidence for the existence o f more than one form 
o f 3 P-HSD in human adrenal, gonads, placenta and mammary gland (Lachance et al.,
1990). However, Southern blot analysis o f human genomic DNA showed unexpected 
fragmentation patterns which substantiated the belief that such isoforms did indeed exist 
(Lachance et al., 1990). With this in mind, Luu-The et al., (1989) constructed a cDNA 
library from human adrenal and isolated two different cDNA species encoding 3 P-HSD 
using human placental 3 P-HSD as a probe. The two isoforms differed in length by only
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3 nucleotides and their deduced amino acid sequences were 93.5% identical. The 
catalytic activity o f the proteins encoded by cDNAs was confirmed in HeLa cells 
transfected with pCMV plasmids containing the cDNA for each o f the human types o f 
3 P-HSD. The type I  form o f human 3 P-HSD had higher isomerase activity and a lower 
Km (and thus a higher affinity for the substrates examined) for both pregnenolone and 
dehydroepiandrosterone than the type II form. Using the ribonuclease protection assay, 
Labrie et al. (1992) found that human type I I 3 P-HSD was the exclusive form found in 
adrenal, and the predominate form in testis and ovary. In contrast, human type 13 p~ 
HSD was the exclusive form in placenta and skin, and was found in lesser amounts in 
mammary tissue. The distribution o f these isoforms revealed by the ribonuclease 
protection assay may have practical implications. The higher Km (lower affinity) o f type 
II (found in classical steroidogenic tissues) may reflect the higher available 
concentrations o f substrate in these tissues, and that efficient production o f steroids in 
other tissues where substrate is found in lower concentrations is made possible by the 
higher affinity type I enzyme.
The pattern o f multiple 3 P-HSD isozymes is found in other mammalian species 
as well. The rat is perhaps the best known model for studies o f endocrine regulation. 
Screening o f a rat ovary cDNA library with human type I 3 P-HSD cDNA yielded two 
cDNA clones, which were designated rat type I and rat type H, sharing 97% identity 
between their deduced amino acid sequences (Simard et al., 1991). Both rat type I and 
type II 3 P-HSD forms are found in the adrenal, ovary, and testis o f the rat, 
corresponding to the highest levels o f activity. Both forms o f 3 P-HSD are found in the
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female rat adipose tissue, however neither form was detected in male rat adipose tissue. 
Rat type 13 p-HSD was the exclusive form in kidney tissue (Zhao et al., 1991). The 
cDNAs transfected into HeLa cells revealed that rat type 13 P-HSD possessed a lower 
km for both pregnenolone and dehydroepiandrosterone than rat type I I 3 P-HSD. The 
rat type 13 P-HSD differs from the rat type I I 3 P-HSD at amino acids 83, 85, 87 and 
89, replacements which prevent the formation o f a possible membrane spanning domain, 
a region thought to be responsible for the differences in activity between these two forms 
(Labrie et al., 1992). Chimeric proteins o f both forms were made using site directed 
mutagenesis, and when the membrane spanning domain was eliminated from rat type I 
3 P-HSD, the affinity o f the enzyme for pregnenolone and dehydroepiandrosterone was 
more like that o f the wild type rat type I I 3 P-HSD. When the membrane spanning 
domain was introduced into rat type I I 3 P-HSD, its kinetic properties resembled the wild 
type rat type 13 P-HSD, providing evidence that the membrane spanning domain is 
responsible in part for the biochemical characteristics displayed by each form (Simard et 
al., 1991). A  third rat isoform o f 3 p-HSD was discovered in the male rat liver, 
characterized by a 2.1 kb mRNA transcript (Zhao et al., 1990). This form is not 
normally expressed in the female rat liver, but can be induced in the female liver by 
hypophysectomy. The rat type I I I  form is 86% identical in nucleotide sequence and 80% 
identical in amino acid sequence to the rat type I and I I  forms (Labrie et al., 1992). Rat 
type III 3 P-HSD mRNA accumulates with androgen treatment and abolished by 
estrogen treatment. Growth hormone increases the accumulation o f type III mRNA, 
while prolactin has opposite effects, albeit in female animals only (Couet et al., 1992).
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Type in  lacks the dehydrogenase activity and there is no significant conversion o f 
pregnenolone or dehydroepiandrosterone, but is aoie to reduce dihydrotestosterone to 
3 p-diols (Simard et al., 1993a). This form also prefers NADPH as a cofactor, a 
characteristic it shares with the mouse type IV  (Simard et al., 1993a; Clarke et al.,
1993). Type IV  is expressed in the placenta and skin o f the rat, and displays the intrinsic 
I7p-HSD activity specific to 5a-androstane 17P-ol steroids (Simard et al., 1993b) 
common to the rat type I, bovine and guinea pig 3 p-HSD forms (Simard et al., 1995).
Although the phenomenon o f 3 P-HSD isoform multiplicity is seen in other 
rodents (Bain et al., 1991; Rogerson et al., 1995; Park et al., 1996), this does not appear 
to be the case in teleost fish. Southern blot analysis o f rainbow trout genomic DNA 
indicates only a single gene for 3 P-HSD in this species (Sakai et al., 1994), although the 
existence o f multiple transcripts due to alternative splicing cannot be ruled out.
The regulation o f 3 p-HSD activity is similar in adrenal and gonadal tissues, in 
that the primary trophic hormone increases activity through membrane bound receptors 
and the cAMP second messenger system (Keeney and Mason, 1992). The 5'-flanking 
region o f one o f the human genes encoding 3 P-HSD contains potential nuclear binding 
protein sites (Lachance et al., 1990), but the regulation o f this gene is yet to be fully 
elucidated.
In the rat adrenal, treatment o f intact male rats with ACTH increased 3 P-HSD 
mRNA levels 50% above controls, while treatment with corticosterone elicited a 58% 
decrease in mRNA indicating a negative feedback loop (Trudel et al., 1991). When 
given together, the effects o f ACTH and corticosterone neutralized each other. Intact
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female rats were unaffected by any o f these treatments. Hypophysectomy o f female rats 
reduced both the mRNA levels ana activity o f 3 P-HSD in the adrenai, this could be 
reversed by treatment with ACTH, which stimulated the accumulation o f the mRNA o f 
both rat 3P-HSD forms I and II (Trudel et al., 1991).
It has long been known that luteinizing hormone is necessary for 3 P-HSD 
expression in the testis (Samuels and Helmreich, 1956). Lutenizing hormone was found 
to operate through a cAMP dependent pathway in cultured rat Leydig cells (Keeney and 
Mason, 1992). Both forskolin and dbcAMP increased 3P-HSD protein abundance and 
specific activity. These chemicals, as well as cholera toxin, increased the accumulation 
o f 3 P-HSD mRNA. The regulation o f the different forms o f 3 P-HSD in 
hypophysectomized rat ovary was examined using exogenous gonadotropins and 
prolactin (Martel et al., 1990). Treatment with hCG had no effect on 3P-HSD mRNA 
levels in the rat ovary. Prolactin had a strong inhibitory effect upon both mRNA and 
protein levels, effects which could partially be reversed by treatment with hCG. Ovine 
FSH had no effect when administered alone or in any combination with other hormones. 
Hybridization o f fixed rat ovary with labeled 3 P-HSD cDNA showed intense staining o f 
the corpora lutea in hypophysectomized rats, with very little staining o f the interstitial 
cells. Prolactin reduced the total volume o f the corpora lutea, but reduced the levels o f 
staining in the remaining cells. Treatment with hCG increases the number o f interstitial 
cells and their 3 P-HSD content in a manner insensitive to prolactin. It is therefore 
apparent that prolactin expresses its luteolytic effect by impinging primarily upon the
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corpora lutea, inhibiting the ability o f the ovary to make progesterone. This effect was 
partially reversed by the effects o f hCG upon the interstitial cells (Martel et ai., 1990).
2.3.3 Cytochrome P450c21
Critical to the formation o f glucocorticoids and mineralocorticoids in all animals 
is 21-hydroxylase, the product o f the CYP21A gene (E.C. 1.14.99.10; P450c2l). This 
enzyme catalyzes the hydroxylation o f the 21 carbon o f either progesterone or 17 a- 
hydroxyprogesterone, leading to the production o f 11-deoxycorticosterone or 1 1- 
deoxycortisol (Reichstein's substance "S"), respectively (see Figure 2.1). Ryan and 
Engel (1957) were the first to demonstrate the localization o f 21-hydroxylation in the 
microsomal fraction o f tissue homogenates, the dependence o f the reaction upon 
molecular oxygen and reducing cofactors, and subsequently the inhibition o f 21- 
hydroxylation by carbon monoxide. As a microsomal cytochrome P450, P450c21 is 
dependent upon P450 reductase for reducing equivalents, however, there is considerable 
evidence that cytochrome b5 assists in the transfer o f electrons to microsomal 
cytochromes P450 (Kominami et al., 1992). A  comparative study involving microsomal 
fractions o f adrenal/interrenal tissue from an amphibian, a reptile and a bird showed that 
the 21-hydroxylase activity was enriched in the microsomal fraction o f these tissues and 
that the characteristics o f the respective P450c21 enzymes were similar (Sandor et al., 
1972). Inano et al. (1969), found P450c21 activity to be predominantly associated with 
the smooth endoplasmic reticulum o f pig and rat adrenal tissue, and that pig P450c21 
could metabolize progesterone and 17a-progesterone, but not pregnenolone. Rat 
P450c2l could metabolize all three substrates, but the 21-hydroxylation o f pregnenolone
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was extremely slow. Hydroxylation by P450c21 o f pregnenolone and 17a- 
hydrcxypregnenolonc has been reported (Maekler et al., 1971; Diedricnsen et ai., i977; 
Kaufmann et al., 1980), but the physiological significance o f such catalysis is 
questionable. The metabolism o f pregnenolone and 17a-hydroxypregnenolone by 
P450c21 might indicate the existence o f two isoforms o f this enzyme, a possibility first 
advanced by Maekler et al. (1971) when the ability to hydroxylate pregnenolone, but not 
progesterone, was lost during purification o f bovine P450c21. Other studies have 
offered evidence that another form o f P450c21 exists in the bovine adrenal (Franklin et 
al., 1987). Southern blot analysis o f bovine genomic DNA indicates the presence o f two 
bovine P450c21 genes (Chung et al., 1985). Northern blot analysis o f bovine adrenal 
RNA indicates two transcripts for P450c21, but it is unclear if  these transcripts are 
products o f two genes or the product o f alternative RNA processing o f a single gene 
(Chung et al., 1985). Cloning o f the bovine adrenal cDNA allowed expression o f 
P450c21 in cultured nonsteroidogenic cells, and the expressed P450c21 protein could 
not hydroxylate pregnenolone (White et al., 1984a; Lorence et al., 1989), so the 
existence o f two or more forms o f this enzyme is still unproven. There are two human 
P450c21 genes, located within the HLA major histocompatibility complex locus on 
chromosome 6p21.3 (White et al., 1985). One o f the P450c21 genes is a pseudogene, 
but whose regulatory regions may be important in the functional gene (White et al., 
1984b). Recombination o f these two genes can result in the elimination o f cortisol 
synthesis, a disorder termed congenital adrenal hyperplasia (Tusie-Luna and White,
1995).
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ACTH increases the synthesis o f bovine adrenal P450c21 15-fold after 24 hours 
o f exposure, but apparently does not increase 21-hydroxylase activity (Funkenstein et 
al., 1983). The actions o f ACTH could be mimicked by dbcAMP, and both treatments 
induced P450c21 mRNA transcription (John et al., 1986). The half-life o f either 
P450c21 or its mRNA were unchanged by ACTH (Simpson and Waterman, 1988). The 
effects o f ACTH on P450c21 expression and synthesis in rabbit adrenal were minimal 
(Mach and Fevold, 1994), a pattern also typical o f guinea pigs and hamsters (Provencher 
et al., 1992; Lehoux et al., 1992).
Information regarding P450c21 in nonmammalian vertebrates is scanty, although 
this enzyme is important in both interrenal and gonadal steroidogenesis in fish. P450c21 
activity necessary for the synthesis o f 17a,20p,21-trihydroxy-4-pregnen-3-one, a 
maturation inducing steroid, has been detected in the ovary o f teleosts (Colombo et al., 
1973, Trant et al., 1986, Trant and Thomas, 1989a,b). Simpson (1963) detected 11- 
deoxycorticosterone in the semen o f the spiny dogfish and P450c21 activity was found in 
both the testis and semen o f this species (Simpson et al., 1964a,b). Both 11- 
deoxycorticosterone and 11-deoxycortisol are produced in the spiny dogfish testis (Barry 
et al., 1993). The activity o f this enzyme is regulated in synchrony with the development 
o f gametes, and the formation o f both 20p-hydroxy-4-pregnen-3-one and 17a, 20P- 
dihydroxy-4-pregnen-3-one was confirmed in cultured spermatocysts. The presence o f 
P450c21 in the interrenal tissue o f fish is implicated by the ability to form 21- 
hydroxylated products. Despite the importance o f this enzyme to all vertebrates, no 
study has investigated this enzyme directly.
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2.3.4 Cytochrome P450cll
Cytochrome P450cl I (EC 1.14.15.4; product o f the CYPiJB gene) is a 
mitochondrial enzyme closely related to P450scc and is responsible for a surprisingly 
wide range o f enzymatic activities (Muller, 1991). In addition to the conversion o f 1l-  
deoxycorticosterone and 11-deoxycortisol to corticosterone and cortisol (respectively), 
P450cl 1 has been shown to 11 P-hydroxylate androstenedione (Sato et al., 1978) and 
testosterone (Kime, 1987). Both 11-deoxycorticosterone and corticosterone are 
substrates for 18-hydroxyIation by P450cl 1 (Sato et al., 1978; Wada et al., 1984). The 
19-hydroxylation o f androstenedione and 18-hydroxy-11-deoxycorticosterone (Sato et 
al., 1978; Okamoto et al., 1982) and 6 P-hydroxylation o f androstenedione (Ingleman- 
Sundberg et al., 1978) have been reported. Perhaps more importantly, P450cl I has 
been shown to catalyze all steps necessary to form aldosterone from 11- 
deoxycorticosterone or 18-hydroxycorticosterone (Wada et al., 1984; Yanagibashi et al., 
1986). The demonstration o f all three steps in the conversion o f 11-deoxycorticosterone 
to aldosterone dispelled the belief that an enzyme (corticosterone methyl oxidase or 
P450cmo) distinct from P450cl 1 was responsible for the conversion o f corticosterone to 
aldosterone (Hornsby and Crivello, 1983). Solubilized mitochondria from the zona 
glomerulosa and zona fasciculata o f both bovine and porcine adrenal cortex converted 
11-deoxycorticosterone to aldosterone equally well, results which were taken as further 
proof o f a single form o f P450cl 1 (Muller, 1991). Two distinct forms o f P450cl 1 were 
purified from bovine adrenocortical cells which demonstrated similar enzymatic activities 
(Ogishima et al., 1989) and the cDNAs encoding two different forms o f bovine P450cl 1
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were subsequentially isolated (K irita et al., 1988). Bovine P450cl 1 clones hybridize to 
three distinct mRNA species o f 7.2, 6.2 and 4.3 kb in Northern blot analysis o f bovine 
adrenal RNA indicating the potential for a third form o f this enzyme (John et al., 1985). 
[n the rat adrenal cortex, there appears to be several forms o f P450cl 1. Two distinct 
forms o f P450cl I were purified from zona glomerulosa and zona fasciculata which 
differed both in size (49 kDa and 51 kDa; respectively) and activity (Lauber and Muller, 
1989). There are apparently four P450cl 1 genes in the rat, although one (CYPIIB4) 
appears to be a pseudogene (Nomura et al., 1993). The cDNAs encoding P450cl 1 
(apparently lacking the ability to convert 11-deoxycorticosterone to aldosterone) and 
P450aldo (responsible for the synthesis o f aldosterone) were isolated from rat adrenal 
cortex (Nonaka et al., 1989; Imai et al., 1990). Recently a third variant o f P450cl 1 was 
cloned. This variant appears to be developmentally regulated and when expressed in a 
mammalian cell line shows a preference for 18-hydroxylation over 11 p-hydroxylation 
(Zhou et al., 1995).
As with most steroidogenic enzymes, ACTH acts to induce the accumulation o f 
P450cl I mRNA and protein in adrenocortical cells (Simpson and Waterman, 1988). 
ACTH increased both the synthesis o f P450cl 1 and its activity after 36 hours o f 
exposure (Kramer et al., 1983). Both ACTH and dbcAMP increased the concentration 
o f P450cl 1 mRNA which could be blocked by the transcription inhibitor actinomycin D 
(John et al., 1985). Cycloheximide also blocked transcription o f P450cl 1 mRNA 
indicating the need for de novo protein synthesis in this process. It has become apparent 
from studies o f long-term cultures o f bovine adrenocortical cells that additional factors
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are required for the expression o f both P450c21 and P450cll, including IGF-I 
(Nasecruddin et al., 1990; Chang, et al., 1991) and extracellular matrix factors (Cheng 
and Hornsby, 1992). It is therefore apparent that many factors are involved in the 
regulation o f these enzymes.
The forms o f P450cl 1 in the rat adrenal are regulated independently. CYPIIB l 
is expressed in the zona glomerulosa and in the zona fasciculata/reticularis. This gene is 
regulated by ACTH (Malee and Mellon, 1991). CYPI1B2 (aldosterone synthase) is 
expressed in the zona glomerulosa and is under the control o f AH (Zhou et al., 1995). 
Salt intake can also modulate the expression o f this isoform (Malee and Mellon, 1991; 
Imai et al., 1992). A  negative feedback loop exists in nonpregnant rats. Glucocorticoids 
act to inhibit expression o f P450cl 1 in every adrenal zone; in pregnant rats, 
glucocorticoids did not affect the expression o f C YPIIB l (Malee and Mellon, 1991). 
Expression o f the third variant, CYPUB3, was once thought to be restricted to the 
neonatal rat adrenal (Mellon et al., 1995). Zhou et al. (1995) provided evidence which 
indicates the expression o f CYPI1B3 in the adult adrenal cortex and brain does not come 
under the control o f ACTH and is not modulated by potassium intake.
A cDNA clone encoding P450cl 1 has been isolated from frog interrenal tissue 
and its expression in a mammalian cell line has shown that the protein it encodes is 
capable o f catalyzing all reactions in the formation o f aldosterone from corticosterone 
(Nonaka et al., 1995). As with most other steroidogenic enzymes, information regarding 
the expression and activity o f P450cl 1 in lower vertebrates is implicated by the ability o f 
their tissues to synthesize corticosteroids. This enzyme is extremely important in the
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production o f bioactive androgens in the teleost testis, which produces 11- 
ketotestosterone as its major steroidal product. The ovaries o f a few species o f teleosts 
also produce 11-ketotestosterone (Fostier et al., 1983). Although obviously important 
to a number o f physiological processes in lower vertebrates, information regarding 
P450cl 1 is lacking.
2.3.5 Cytochrome P450cl
Because the elasmobranch interrenal is the only adrenocortical tissue in which 
la-hydroxylase can be detected, information about the biochemical characteristics o f 
la-hydroxylase is very limited. Truscott and Idler (1968) detected la-hydroxylase 
activity in four species o f skates and rays and in five species o f sharks. The activity o f 
1 a-hydroxylase was not affected by 0.49 M urea (Truscott and Idler, 1968), but the 
protein becomes completely inactive at 37° C (Idler and Truscott, 1967a). The 
necessity o f reduced cofactors (NADPH or a regenerating system) and the inhibition o f 
1 a-hydroxylase activity by SU-4885, an inhibitor o f P450cl 1, indicates that 1 a- 
hydroxylation is catalyzed by a mitochondrial cytochrome P450 (P450cl).
The activity o f P450cl is typically associated with the bioactivation o f Vitamin 
D3i because many vertebrate species possess the ability to 1 a-hydroxylate Vitamin D3 
(Henry, 1992). P450cl activity was isolated in a solubilized kidney mitochondrial 
preparation containing cytochrome P450 (Ghazarian et al., 1974). Cytochrome P450 
was implicated in the reaction by photochemical activation experiments (Henry and 
Norman, 1974). Although low concentrations ofP450cl in kidney tissue has impeded 
efforts to purify it, partial purifications identified separate proteins responsible for the
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la -, 24-, 25-, and 26- hydroxylations ofvitam inD 3(Warner, 1982; Postlind, 1990). 
Mandel et al. (1990) succeeded in purifying to homogeneity a P450ci from chicken 
kidney mitochondria. The purified protein was used to develop monoclonal antibodies, 
which detected two proteins o f different sizes (57 kDa and 55 kDa) in Western blot 
analysis (Mandel et al, 1990). These antibodies were used to isolate the different sized 
proteins, the N-termini o f which were similar enough to lead the authors to conclude the 
smaller protein was a proteolytic product o f the larger, but could have different 
enzymatic activities (Moorthy et al., 1991). P450cl activity was localized to both the 
mitochondrial and microsomal fractions o f porcine liver (Hollis, 1990) and a microsomal 
form o f P450cl was recently purified from the microsomal fraction o f pig kidney (Axen, 
1995). Renal P450cl activity has been detected in many vertebrate species, including 
several fish species, but not in elasmobranchs (Henry and Norman, 1975; Takeuchi et al.,
1991). The product o f la-hydroxylation, 1 a,25-dihydroxyvitamin D3, is responsible for 
calcium mobilization. Calcium deficient or vitamin D deficient diets can elevate P450cl 
activity (Henry, 1992). Activation o f the cAMP second messenger system in cultured 
cells increases the synthesis o f 1 a, 25-dihydroxyvitamin D3, while activation o f the 
calcium /phospholipid pathway acts to inhibit production (Henry and Luntao, 1989).
The induction o f 1 a-hydroxylation can be blocked by cycloheximide, indicating the 
necessity o f de novo protein synthesis in the response (Henry, 1992). In addition, 
studies have shown that ferredoxin (the renal equivalent o f adrenodoxin) might play a 
role in vitamin D3 hydroxylase regulation (Nemani et al., 1989).
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2.3.6 lip-Hydroxysteroid Dehydrogenase
The conversion o f 11 P-hydroxylated steroids into 11-oxysteroids is catalyzed by 
a microsomal enzyme, 11 P-hydroxysteroid dehydrogenase (11 P-HSD). The discovery 
that the mammalian mineralocorticoid receptor displays roughly equal affinities for 
glucocorticoids and mineralocorticoids (Arriza et al., 1987) brought into question the 
mechanism by which specificity was conferred on these receptors. Cortisol is found in 
much greater concentrations in plasma than aldosterone, but cortisol is a poor 
mineralocorticoid in vivo (Marver et al., 1974). It was subsequently discovered that 
11 P-HSD converts cortisol into cortisone, a steroid which does not bind to the 
mineralocorticoid receptor (Funder et al., 1988). This enzyme has a wide tissue 
distribution (Monder and Shackleton, 1984), indicative o f its role in protecting the 
mineralocorticoid receptor. Considerable evidence in the literature pointed to the 
presence o f multiple forms o f 11 P-HSD (Krozowski et al., 1994). Two isoforms o f 
11 P-HSD have been isolated, one is an ubiquitous NADP-dependent glycoprotein 
containing both dehydrogenase and reductase activities (type 1) and the other is a NAD- 
dependent enzyme which only catalyzes the dehydrogenase reaction (type 2). Type I is 
thought to regulate the access o f glucocorticoids to their receptors (Monder, 1993), 
while type 2 acts to confer specificity upon the mineralocorticoid receptor in the kidney 
(Funder et al., 1988). Isolation o f cDNAs encoding the type 1 enzyme (Agarwal et al., 
1989; Tannin et al., 1991; Yang et al., 1992; Moore et al., 1993) and type 2 enzyme 
(Agarwal et al., 1994; Albiston et al., 1994) have shown the two proteins share little 
sequence identity. Type 1 activity is typically greater in males than in females and type 1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
50
expression has been demonstrated in liver, kidney, lung, parotid, cerebellum, colon and 
hippocampus o f adult rats (Albistcn et al., 1995). Both enzymes are apparently 
expressed in the placenta, where they act to protect the developing fetus from 
glucocorticoids produced by the mother (Yang, 1994). Excessive fetal exposure to 
glucocorticoids can retard growth and program adult hypertension in rats, and birth 
weight and 11 P-HSD activity are highly correlated (Seckl et al., 1995). Apparent 
mineralocorticoid excess is a form o f human hypertension caused by mutations o f the 
type I gene leading to inactivation o f 11 P-HSD activity (Mune et al., 1995). Inhibition 
o f 11 P-HSD activity in cultured rat Leydig cells by glycyrrhetinic acid and 
glucocorticoids reduced testosterone synthesis, indicating 11 P-HSD might serve to 
protect the reproductive process from excess glucocorticoids (Monder et al., 1994).
The type 2 enzyme is highly expressed in human kidney, colon, pancreas, and placenta, 
and is also detected in the ovary, prostate and testis (Albiston et al., 1994).
The expression o f 11 P-HSD is developmentally regulated in humans. Type 2 
11 p-HSD is expressed in lung, adrenal, colon and kidney in mid-gestation fetal tissue, 
but type 1 is completely absent (Stewart et al., 1995). Hepatic type 1 message levels are 
10-fold higher in intact male rats than in intact female rats, a difference which may be the 
product o f the actions o f androgens (Lax et al., 1978). Hypophysectomy increased 
hepatic mRNA levels o f type 1 20-fold in female rats and 2-fold in male rats, but renal 
type 1 message levels increased only 2-fold in females and remained in intact levels in 
males (Albiston et al., 1995). Constant infusion o f growth hormone elicited a marked 
decrease in type 1 message level in hypophysectomized females. Ovariectomy increased
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message levels to approximately the same level as in hypophysectomy, and estrogen 
replacement restored levels to normal. Estrogens have the opposite effect on renal 
message level in male rats (Albiston et al., 1995). Growth hormone and estrogen have 
also been implicated in the regulation o f 3 a-hydroxysteroid dehydrogenase, another 
member o f the SCAD family (Penning et al., 1992). Because an estrogen responsive 
element has not been identified in either the rat or human type I gene (Tannin et al.,
1991; Moisan et al., 1992), it is assumed that the effects o f estrogen are indirect 
(Albiston et al., 1995). The human type 1 gene is found on chromosome 1 (Tannin et 
al., 1991). The human type 2 gene, located on chromosome 16q22, lacks TATA and 
CAAT boxes, but has a high GC content, indicating regulation o f transcription o f this 
gene is through factors which recognize GC rich promoter regions (Agarwal et al.,
1995). The protein kinase C pathway has been implicated in the regulation o f type 2 
expression (Pasquarette et al., 1994).
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3.0 Experimental Goals and Design
Steroids have important roles in reproduction, growth, development, 
osmoregulation and energy mobilization. Because steroids are lipophilic and can pass 
through plasma membranes, they cannot be sequestered within a cell. The timely release 
o f appropriate concentrations o f bioactive steroids is therefore dependent upon the 
activity o f steroidogenic enzymes. The activities o f these enzymes must therefore be 
carefully regulated. In elasmobranchs, a group o f primitive vertebrates, synthesis o f 
corticosteroids occurs in the interrenal gland. This tissue is homologous to the adrenal 
cortex o f mammals. The elasmobranch interrenal gland offers an excellent model for the 
study o f steroidogenic enzymes and the regulation o f steroidogenesis. The elasmobranch 
interrenal is a discrete encapsulated gland which does not display the zonation typical of 
the mammalian adrenal cortex. The elasmobranch interrenal is composed entirely o f 
steroidogenic cells, unlike the interrenal gland o f teleost fish which is composed o f 
several cell types. In addition, the fact that the elasmobranch interrenal gland is the site 
o f synthesis o f a unique steroid, makes the study o f this tissue inherently interesting.
Although information is available about the types o f corticosteroids produced in 
elasmobranchs, very little is known about the steroidogenic enzymes which are involved 
in the synthesis o f these steroids. Information regarding basic biochemical characteristics 
o f steroidogenic enzymes and the regulation o f these enzymes is necessary to fully 
understand steroidogenesis in the elasmobranch interrenal.
The objectives o f this study were threefold. The first objective was to establish 
the biochemical characteristics o f important steroidogenic enzymes present in the
52
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elasmobranch interrenal by studying the in vitro characteristics o f microsomal enzymes. 
The microsomal fraction o f tissue homogenates can easily be isolated by differential 
centrifugation. In other vertebrates, this fraction o f adrenocortical tissue is highly 
enriched for two very important steroidogenic enzymes, 3 P-HSD and P450c21 (Sauer et 
al., 1994; Ryan and Engel, 1957). The fact that these enzymes catalyze very different 
reactions and use different cofactors allows each enzymatic activity to be studied in 
relative isolation. By isolating the microsomal fraction o f the elasmobranch interrenal, 
biochemical characteristics o f 3P-HSD and P450c21 (such as kinetic parameters, 
temperature and pH dependence, substrate specificity and tolerance to organic solutes), 
can be ascertained. Biochemical characteristics were determined by incubating 
microsomal protein in the presence o f tritiated steroids and the appropriate cofactor. 
Metabolism o f steroids was detected with the use o f high performance liquid 
chromatography. Such data are essential to understanding the role these enzymes play in 
the steroidogenic pathway in the elasmobranch interrenal and can provide useful 
information for the interclass comparison o f steroidogenic enzymes.
Secondly, nucleic acid clones o f enzymes critical to the steroidogenic pathway o f 
all vertebrates were sought. Information about the primary structure o f elasmobranch 
steroidogenic enzymes can yield much about the function and evolution o f this group o f 
proteins. In addition, the acquisition o f nucleic acid clones provides a powerful tool with 
which to study the regulation o f these proteins in vivo and in vitro. The isolation o f 
elasmobranch forms o f steroidogenic enzymes would add to a growing database o f 
cDNA sequences encoding steroidogenic enzymes from lower vertebrates. cDNA clones
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for two important steroidogenic enzymes (P450scc and 3 P-HSD) were sought by the 
polymerase chain reaction and by screening two cDNA libraries prepared from interrenai 
gland RNA o f two species o f elasmobranch.
The third objective o f this study was to investigate the in vitro effects o f various 
peptide hormones upon steroidogenesis in isolated elasmobranch interrenal tissue. The 
possibility that these hormones elicit their effects through the induction o f gene 
transcription and subsequent protein synthesis was investigated with the use o f the 
transcriptional inhibitor, actinomycin D and the protein synthesis inhibitor, 
cycloheximide. Because peptide hormones elicit their intracellular effects through a 
second messenger system, the effects o f second messenger analogs and activators were 
also examined. ACTH operates through the cAMP cascade in mammalian and teleost 
interrenal tissue, therefore, the effects o f a membrane permeant analog o f cAMP 
(dbcAMP) upon interrenal steroidogenesis were investigated. Because angiotensin II 
operates through activation o f protein kinase C, phorbol 12-myristate 13-acetate (a 
protein kinase C activator) was used to determine i f  this system acts to stimulate 
steroidogenesis in the elasmobranch interrenal. Calcium is known to be essential to the 
actions o f both ACTH and angiotensin II, and the effects o f the calcium ionophore 
A23187 upon interrenal steroidogenesis were also examined. Acute and chronic effects 
o f these chemicals upon steroidogenic output and the chronic effect o f ACTH and the 
cAMP messenger system upon the activity o f steroidogenic enzymes were examined. 
Activities o f 3P-HSD, P450c2l, P450cl 1, P450cl and 11 P-HSD were monitored in
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interrenal tissue homogenates by using tritiated steroid substrates and high performance 
liquid chromatography.
The combination o f techniques used in this study w ill provide important 
information about the nature o f the steroidogenic process in the elasmobranch interrenal. 
In addition, information regarding the regulation o f the interrenal gland w ill help in the 
understanding o f the physiological role o f the steroids produced by this tissue.
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4.0 Elasmobranch Cholesterol Side Chain Cleavage Cytochrome P450
4.1 Introduction
Cytochromes P450 are a superfamily o f enzymes that oxidize a wide range o f 
endogenous compounds and xenobiotics by the introduction o f molecular oxygen 
(reviewed by Guengerich, 1992). This superfamily includes enzymes critical to the 
production o f bioactive steroids. The initial reaction in the synthesis o f corticosteroids 
and sex steroids is the cleavage o f the six carbon side chain from cholesterol, catalyzed 
by cholesterol side chain cleavage cytochrome P450 (P450scc; CYP11A). In 
elasmobranchs (sharks, skates and rays), steroidogenesis in the interrenal gland (the 
adrenal cortex homolog) culminates in the synthesis o f a unique corticosteroid, 1 a- 
hydroxycorticosterone.
The amino acid sequence o f P450scc has been elucidated from a number o f 
mammalian species, including rat (Oonk, et al., 1990), pig (Mulheron et al., 1989), cow 
(Morohashi, 1984), and human (Chung et al., 1986). Steroidogenesis has been well 
studied at the molecular level in mammalian systems. However, little is known o f the 
evolution and regulation o f steroidogenic enzymes in lower vertebrates. The sequences 
o f several steroidogenic enzymes have recently been elucidated from fish, including 
P450scc (rainbow trout, Takahashi et al., 1993; channel catfish, Dr. John M. Trant, 
unpublished data). Characterization o f the cDNAs encoding steroidogenic enzymes in 
fish permits the study o f the regulation o f interrenal and gonadal steroidogenesis at the 
molecular level. Analysis o f the nucleotide and deduced amino acid sequences o f these 
cDNAs w ill also provide insight into the evolution o f these gene products.
56
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The nucleotide and predicted amino acid sequence o f a cDNA encoding the 
interrenal form o f P450scc from the southern stingray (Dasyatis americana) is described 
and compared to the P450scc in other species. Additional sequence data are presented 
for two other species o f elasmobranchs.
4.2 Methods and Materials
4.2.1 PCR Amplification of Elasmobranch P450scc cDNAs
Total RNA was isolated from the interrenal tissue o f three elasmobranch species 
(Carchcirhimts limbatus, Dasyatis americana and Squalus acanthias) and used as the 
template for cDNA synthesis using oligo-dT(12.lg) primer and M -M LV reverse 
transcriptase (Superscript, Life Technologies, Gaithersburg, Maryland, USA). A 
standard polymerase chain reaction (PCR) was conducted with 5 pi o f the reverse 
transcriptase reaction, 200 pM dNTP and 100 pmoles o f each degenerate primer in a 
100 pi reaction volume. Degenerate oligonucleotide primers (51- 
AAGGARACRCTRAGRCTYCAYCC-3' and 5'-
GCDATSCGCCGKCCMASRCACTG-3') were designed to anneal to the conserved 
adrenodoxin-binding and the heme-binding regions o f published P450scc homologs, 
respectively. The PCR reaction mix was subjected to 30 to 40 cycles at 45°C, 72°C, 
and 95 °C for 30 seconds each. The PCR products (252 bp) were subcloned into pT7 
Blue (Novagen, Madison, Wisconsin, USA) and sequenced using a commercial 
dideoxynucleotide sequencing kit (Sequenase, United States Biochemicals, Cleveland, 
Ohio, USA).
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4.2.2 Construction of cDNA Library
Southern stingray (D. americana) interrenal tissue was homogenized in 4 M 
guanidinium isothiocyanate and total RNA was purified by density gradient 
centrifugation as previously described (Sambrook et al., 1989). The RNA was enriched 
for messenger RNA by passing it through an oligo(dT)-cellulose column twice. Five 
micrograms o f this material was used to construct a cDNA library (Superscript Choice 
cDNA kit, Life Technologies, Gaithersburg, Maryland) and ligated to ASH/ox arms 
(Novagen,, Madison, Wisconsin, USA) as described previously (Trant, 1994; 1995). The 
longest isolated insert (4619 bp) was subcloned into the pBluescript-KS (Stratagene, La 
Jolla, CA, USA) at the Not I site o f the adapter. An EcoRI and Kpn I digest o f this 
construct was used to generate a set o f nested deletions which were sequenced as 
described above.
4.2.3 Northern Blot Analysis
Southern stingray interrenal mRNA (8 pg), Atlantic stingray total interrenal RNA 
(20 pg), and molecular weight ladder (5.4 pg, Life Technologies, Maryland) were 
denatured in giyoxal/DMSO as described in Sambrook et al. (1989), and size 
fractionated through a 1% agarose gel in recirculating, chilled 10 mM sodium phosphate 
buffer. Fractionated RNA was transferred from the gel to a nitrocellulose membrane 
which was dried at 80°C under vacuum and then washed to remove residual glyoxal. 
Membranes were prehybridized overnight in 50% formamide, 5 X Denhart's solution (1 
g ficoll, 1 g polyvinylpyrrolidone, and 1 g bovine serum albumen per liter), 5 X  SSPE 
(750 mM NaCl, 50 mM NaH2P04, 5 mM EDTA), 0.5% SDS and 100 pg sheared
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herring sperm DNA. The membrane was then hybridized overnight with a 32P-labeled 
probe specific for stingray P450scc and washed w ith increasing stringency. The final 
wash was in 0.1 X  SSPE, 0 .1% SDS for 20 minutes at 42°C. Blots were exposed to X- 
ray film  with an intensifying screen for 7 days at -80°C. The RNA molecular weight 
markers were visualized with ethidium bromide and used to calculate the size o f the 
transcript.
4.3 Results and Discussion
4.3.1 PCR-Amplification of P450scc from Three Species of Elasmobranchs
RT-PCR reactions generated gene-specific 252 bp fragments using total RNA o f 
interrenals from three species o f elasmobranchs, Dasyatis americana (southern stingray), 
Carcharhimis limbatvs (blacktip shark), and Squalus acanthias (spiny dogfish shark). 
Sequence analysis confirmed that the cDNA fragment was from the P450scc transcript. 
The nucleotide and deduced amino acid sequences o f the amplified products were 
compared to the corresponding region o f the rainbow trout homolog o f P450scc 
(Takahashi et al., 1993; Figure 4-1 and Figure 4-2, respectively). The two shark forms 
are the most similar, displaying 83% and 90% identity between the nucleotide and 
deduced amino acid sequences respectively (table 4-1). The trout form is 64-71% 
identical in nucleotide sequence and 70-71% identical in deduced amino acid sequence to 
the elasmobranch forms.
4.3.2 Isolation of a cDNA Encoding Stingray P450scc
A cDNA library was constructed from poly-(A) mRNA isolated from the 
southern stingray interrenal and ligated to ASH/ox arms as described previously (Trant,
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1994; 1995). The amplified library had a titer o f 8.4 x 1010 pfu/ml and a complexity o f
1.5 x 106. Five positive clones were isolated from 4.5 x 105 plaques screened with the 
homologous P450scc PCR product (Figure 4-1) as a probe. Sequence analysis and 
restriction digest analysis o f the isolated cDNAs indicated that all 5 clones were derived 
from the identical gene product. The nucleotide and deduced amino acid sequence o f the 
longest (4619 bp) stingray P450scc cDNA is shown in Figure 4-3. The cDNA 
apparently did not include any o f the S'-UTR nor did it include a translation initiation 
signal (ATG). It does appear that nearly all o f the encoding region is included in this 
cDNA, with the putative stop codon (TAG) at 1614 bp. The 3'-UTR is large and 
includes four consensus polyadenyiation signals at 2341 bp, 2347 bp, 4015 bp and 4566 
bp. The extreme 3' polyadenyiation signal is 19 bp from the poly-(A) tail. The four 
other clones had poly-(A) tails which did not coincide with any o f these signals.
However, the poly-(A) tails were found in regions containing several oligo-(dA)^ 
sequences. These sites could bind the oligo-(dT) primer and produce these apparent 
cloning artifacts. Northern blot analysis o f mRNA isolated from interrenals o f southern 
stingray and Atlantic stingray (D. sabina, a closely related species), detected a single 
transcript o f approximately 4200 nucleotide in both species using the southern stingray 
P450scc cDNA as a probe (Figure 4-4). There was no evidence o f a second transcript 
which would correspond to the utilization o f the alternate polyadenyiation signals at 
2341 bp, 2347 bp or 4566 bp. Thus, it is assumed that the polyadenlyation signal at 
4015 bp is predominately utilized in the interrenal. This assumption would also indicate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61
Table 4-1:
Percent identity o f the nucleotide and deduced amino acid sequence (respectively) o f the 
elasmobranch P450scc PC Ft fragments and the corresponding segment o f trout P450scc 
(Takahashi et al., 1993).______________ _________________ _________________
Species Stingray Blacktip shark Dogfish shark
Blacktip shark 71%/73% — —
Dogfish shark 77% / 73% 83% / 90% —
Trout 64% / 70% 71%/70% 69%/71%

















STINGRAY cDNA AAGGAGACGC TGAGACTTTA TCCGGTGGCT ATATCAATAC AGCGATACCT AAATGAAGAC 60
DOGFISH 60
BLACKTIP ............A . . A . G ............G . . . 60
TROUT ............A _____ G . CAGTT. . . . . A . . . . .  A . T . CA. • G • . A 60
STINGRAY cDNA ACTGTGCTGC AGAATTATCA TATACCAGCT GGGACGTTAG TACAGCTGGG GCTGTATGCG 1 2 0
DOGFISH . T . . . . T . . . A T . . . . C . . . 1 2 0
BLACKTIP • T . . C A T . . . . A ..................... C ............TTT. ............ T C . G. . T . . . G . . . . A T . . . . C . . A 1 2 0
TROUT . T C . . CA. T . . . . . C . . . . . C ............TTG. 1 2 0
STINGRAY cDNA ATGGGAAGGA ATCCCAAGAT ATTTAAAAAC CCAGAACAAT ACAATCCTGA AAGATGGCTG 180
DOGFISH ................A. G C T . G G . . . . . . . . TCC. . G ............... AGG • 180
BLACKTIP • ■ • • • • • • • • . CG. AG. . . . . . . . TCT. . G . . CA. GAGG. 180
TROUT . . . . . T . . AG • C . . AG• TG. G. . CCCC. GA . . T . . GA. G . . . C T C .. GTC CC.C........... 180
STINGRAY cDNA AAGGGAGAAG ACACACACTT CAGACACCTT GGATTTGGGT TTGGACCACG GCAGTGCATT 240
DOGFISH . . . CAGA•GA G T .A C T___ 240
BLACKTIP . . CCAT. . . A G T .A T T___ 240
TROUT CG. AC . . . GA . . CAGT. . . . . . .  GAG. T . G . . C• . C . . A. ..............CA. A......... TC . . 240
STINGRAY cDNA GGGCGTAGGA TCGC 2 5 4
DOGFISH . . A . • GC. . . . A.  . 2 5 4
BLACKTIP . . A . . GC. . . . T .  . 2 5 4
TROUT . . A . . G C . C . . A . . 2 5 4
Figure 4-1. Alignment o f the nucleotide sequence o f P450scc PCR products from three species o f elasmobranchs and the 
corresponding region o f the rainbow trout homolog (Takahashi et al., 1993; nucleotide 1194 to nucleotide 1446). Primers (overlined) 
were designed to amplify the region between the putative adrenodoxin-binding region (III) and the heme-binding region (IV). See 



















STINGRAY CDNA KETLRLYPVA ISIQRYLNED TVLQNYHIPA GTLVQLGLYA MGRNPKIFKN PEQYNPERWL 6 0
DOGFISH ...............  ft • • • V T L . . . T . . . • • R■ • • • » * • 60
BLACKTIP ...............H . . . V T L . . . T . . . I A . . . . . KR.................. 6 0
TROUT • • • • • • H • • • V . L . . . I T . E 1 . 1 .  . . a  a  K a  L a  S a  a  a 6 0
C o n s e n s u s KETLRLHPVA V*LQRY*NED IVLQNYHIP* GTLVQ*GLYA m g r * * * i f * * PE*YNPERW* 6 0
STINGRAY CDNA KGEDTHFRHL GFGFGPRQCI GRRI 84
DOGFISH LQKSNY. KN. ............................................................L • • • • 84
BLACKTIP NH. SNY. KN. • • • • • • • • •  L • « i • 84
TROUT R T . NQY. . S . a a a a a F a a a  L • • • • 84
Consensus * * e * * y f * * l GFGFGPRQCL GRRI 84
Figure 4-2. Alignment o f the deduced amino acid sequence o f the elasmobranch P450scc PCR products and stingray cDNA to the 
corresponding region o f the trout homolog (Takahashi et al., 1993; residue 380 to residue 463). The regions encoded by the 
degenerate primers (within the conserved adrenodoxin-binding and the heme-binding regions) are overlined. Dots indicate identity with 
the stingray form. Asterisks in the consensus sequence indicate positions where a consensus could not be reached.
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that less than 200 bases are missing from the 5' terminus o f the isolated clones o f the 
stingray P450scc. It is unlikely the upstream signals (2341 bp or 2347 bp) are 
preferentially utilized and that a large amount o f 5'UTR has not been sequenced. 
However, gonadal tissue may utilize different polyadenylation signals than the interrenai 
form o f P450scc.
Northern blot analysis (Figure 4-4) indicates that the stingray P450scc transcript 
(4.2 kb) is much larger than transcripts o f other P450scc homologs, which are 
approximately 2 kb. The combination o f several poly-(A) signals, hairpin loops (e.g., an 
oligo-(dG)10 sequence at 2599 nucleotide hybridized to an oligo-(dC)10 46 nucleotide 
downstream), and a large 3'-UTR might act to increase the half-life o f the elasmobranch 
P450scc transcript. This has been hypothesized for 3-1/77? in other eukaryotic 
organisms (Littauer and Soreq, 1982; Leffet al., 1986).
Although no critical data are presented, there is evidence that indicates that the 
abundance o f the P450scc transcript in the southern stingray interrenai is low. First, 
thirty or more cycles o f PCR are required in order to visualize a P450scc-specific 
fragment using corticotropin-induced interrenai RNA as template. RNA isolated from 
uninduced interrenai tissues result in non-detectable amplification after 30 cycles (data 
not shown). Only 20 cycles were needed to amplify another steroidogenic enzyme, 
(cytochrome P450„om), thought to be found in low concentrations in the channel catfish, 
fcralunis punctatus (Dr. John M. Trant, unpublished data). Second, screening o f a large 
number o f plaques in an interrenai cDNA library with a autologous probe yielded only 5 
positive clones. Third, a large amount o f RNA and a long exposure time is required in
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order to visualize the P450scc transcript in Northern blot analysis using a32P-labelIed 
probe o f high specific activity. In mammalian systems this transcript is readily detectable 
even when small amounts o f total RNA are probed. Although the presence o f a large 3'- 
UTR and multiple poly-(A) signals in the stingray P450scc is interesting, the role o f these 
features is speculative. Further studies must be undertaken in order to fully understand 
their importance.
4.3.3 Comparison of Stingray P450scc to Other Homologs
The amino acid sequence deduced from the southern stingray P450scc cDNA is 
compared to the other sequenced forms o f this enzyme in Figure 4-5. As would be 
predicted, the stingray homolog o f P450scc has greater similarity to rainbow trout 
P450scc (47%) than to human (40%), bovine (38%), pig (38%) or rat (36%). However, 
identity increases to greater than 60% in both the putative adrenodoxin binding region 
(10 o f 16 amino acid residues identical) and the heme-binding region (14 o f 22 amino 
acid residues identical) between the P450scc sequences (regions III  and IV  o f Figure 4- 
5, respectively). Two lysine residues (corresponding to Lys 379 and Lys393 in the bovine 
protein) known to be critical to adrenodoxin binding (Wada and Waterman, 1992) are 
conserved in the stingray homolog. The putative intracellular sorting signal sequence 
(region I o f Figure 4-5) is highly conserved among mammalian species (22 o f 41 amino 
acid residues identical). However, this region does not contain any identical residues 
when fish and mammalian forms are compared. When the trout and stingray forms are 
compared, alignment produced only 2 identical residues in this region. The lack o f
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 4-3. Nucleotide and deduced amino acid sequence o f southern stingray P450scc. 
The incomplete open reading frame o f 1542 nucleotides encodes a protein o f 514 amino 
acid residues. The 3’-UTR (3076 nucleotides) is characterized by four putative 
polyadenylation signals (bold) and a poIy-(A) tail at the terminus.


















S F R L S L S A S T Y A Q R G S F T T P
GAGCATGACTTCACATTGTTCCCTCATCGGAATCATTCAGTAACAAGTGAATCACGCATC 1 2 0
E H D F T L F P H R N H S V T S E S R I
CCTTCAGAACAAACTTTGAAATCGCTCACTGATATACCTGGCAACTGGAGAAAGAACTGG 1 8 0
P S E O T I j K S L T D I  p g n w r k n w
CTCAATGTGTATTATTTCTGGAGGAGCAATGGTTTAAACAATGCACACCAATGGATGTTA 24 0
L N V Y Y  F W R S N G L N N A H Q W M L
GACAACTTCAATAAGTATGGTCCAATTTACAGGGAAAAGATTGCCTACTATGAAAGTATA 3 0 0
D N F N K Y G P I Y R E K I A Y Y E S I
AATATTATTAATCCTGCAGATGCTGTTATTATGAACAAATCAGAGGGTCCATTCCCAAAG 3 6 0
N I I N P A D A V I M N K S E G P F P K
AGGATAGAGATGGCACCTTGGGTTGCTTACAGAGACCTTAGGAAAGAAAACTATGGTGTC 4 2 0
R I E M A P W V A Y R D L R K E N Y G V
CAATTACTAAATGGAGAAAATTGGAAAAGAACTCGACTCATTCTTAACAACTCAATTTTT 4 8 0
Q L L N G E N W K R T R L I L N N S I  F
GCACAGAGCAGTATCCAACGGCTCGTGCCCCTTTTCAATGAAGTGGTACTGGATTTTGTG 54 0
A Q S S  I Q R L V P L F N E V V L D F V
TCCATGGTTCACAAAGAAGTTGAGAAAAGTAGAAGTGATTACTGGAAAACTGATCTCACA 6 0 0
S M V H K E V E K S R S D Y W K T D L T
AACGATCTCTTCAAACTTGCACTTGAAGTAATCTGTTACATACTATATGGAGAACGCCTT 6 6 0


















GACTTACTACAAAGGAAGTATAACAAGGCACCTCAGAAGTTTATCGATTCTATTGCCACG 7 2 0
D L L Q R K Y N K A P Q K F I  D S I A T
ATGTTCCATTCTACACCAATAATGCTCTATGTTCCTCCCAGTCTGCTGAAGTCAATCAAT 7 8 0
M F H S T P I M L Y V P P S L L K S  I N
TCGAAGATCTGGCAGCAACACGTAGGTTCATGGGACAATATCTTTGAACATGCCGATACC 84 0
S K I W Q Q H V G S W D N I  F E H A D T
TATTTAAAGAAAGCATACAGGCAATTTCAGCAGGGATCCAAAAATGAGCACGCATTCCCT 9 0 0
Y L K K A Y R Q F Q Q G S K N E H A F P
GGCGTTCTTACAGAGCTATTACTGCAAGGGGCTCTCCCTTTTGAAGACATCAGAGCCAGT 9 6 0
G V L T E L L L Q G A L P F E D I R A S
ATAATAGATGTCATGTCAGGCGCAATTGACACAACGTCCACTACCGTACATTGGATGATG 1 0 2 0
I I D V M S G A I  D T T S T T V H W M M
TATGAGCTTGCCAAACATCCCCATATTCAGAAGAATGTACGCTCTGAGATTATGGAAGCC 1 0 8 0
Y E L A K H P H I Q K N V R S E I M E A
CACCAGAAAACAGAAGGCGACCCAGTGAAGATGCTAAAATCAGTGCCACTCCTCAAATGT 1 1 4  0
H Q K T E G D P V K M L K S V P L L K C
GTGGTGAAGGAGACGCTGAGACTTTATCCGGTGGCTATATCAATACAGCGATACCTAAAT 1 2 0 0
V V K E T L R L Y P V A I  S I Q R Y L N
GAAGACACTGTGCTGCAGAATTATCATATACCAGCTGGGACGTTAGTACAGCTGGGGCTG 1 2 6 0
E D T V L Q N Y H  I P A G T L V Q L G L
TATGCGATGGGAAGGAATCCCAAGATATTTAAAAACCCAGAACAATACAATCCTGAAAGA 1 3 2 0


















TGGCTGAAGGGAGAAGACACACACTTCAGACACCTTGGATTTGGGTTTGGACCACGGCAG 1 3 8 0
W L K G E D T H  F R H L G F G F G P R Q
TGCATTGGGCGTAGGATCGCAGAGACTCAAATGGTTCTCCTTATGATTCATATGCTCCAA 14 4 0
C I G R R I A E T Q M V L L M I H M L Q
AACTTTAAAATTGAAACTGATCCAATGACTGAGGTGAAATCCAAGTTCAGCTTGATCCTT 1 5 0 0
N F K I E T D P M T E V K S K F S L I L
ATCCCTGACAAACCCATTAACCTAAAGTTTACGCCCATCAAAT G A ag ag aaa t g g a a t a t  1 5 6 0
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Figure 4-4. Northern blot o f Dcisvatis americana (southern stingray) and Dasyatis 
sahina (Atlantic stingray) interrenai RNA. Southern stingray interrenai mRNA (left) and 
Atlantic stingray total interrenai RNA (right) probed with 32P-labeled southern stingray 
P450scc cDNA.
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identity in this region may point to interclass differences in the mitochondrial sorting 
sequence.
The low overall similarity o f stingray P450scc compared to the non- 
elasmobranch forms o f P450scc may be due in part to the difference in the intracellular 
milieu in which these enzymes must operate. Elasmobranchs typically retain urea and 
other osmolytes in high concentrations (200-800 mM) which can have deleterious effects 
on protein function (Yancey and Somero, 1980). Many elasmobranch proteins are 
sensitive to the presence and concentration o f these osmolytes (Yancey and Somero,
1978). The blacktip shark (Carchcirhimts limbalus) homologs o f 3 P-HSD and 
cytochrome P450c21, steroidogenic enzymes found in the endoplasmic reticulum, are 
not effected by 400 mM urea, although 200 mM trimethylamine oxide (TMAO) reduced 
P450c21 activity by 23% (see Chapters 5 and 6). Differences in amino acid sequence 
between the elasmobranch and other forms o f P450scc may in part reflect the unique 
intracellular environment o f the elasmobranch.
4.4 Conclusions
(1) Degenerate primers designed to hybridize to conserved regions o f P450scc were 
successfully used to amplify the cDNA sequence between the adrenodoxin-binding 
region and the heme-binding region in three species o f elasmobranchs: southern stingray 
(Dasyatis cimericcinci), blacktip shark (Carcharhimis limbatas), and spiny dogfish shark 
{Sqiialus cicanthias).
(2) A P450scc cDNA containing the 3'-UTR and nearly all o f the encoding region has 
been isolated from a southern stingray interrenai cDNA library.
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(3) The mRNA encoding P450scc in southern stingray and Atlantic stingray (D. sabina) 
is much longer than transcripts encoding this enzyme in other species.
(4) The highest degree o f identity is found among the elasmobranch forms o f P450scc, 
with degree o f identity decreasing with comparisons to teleost and mammalian forms.
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Figure 4-5 Comparison o f the deduced amino acid sequence o f southern stingray 
P450scc to the trout, rat, pig, bovine and human forms o f P450scc (references appear in 
text). Dots indicate identity with the stingray form. Dashes indicate gaps introduced to 
facilitate alignment. The putative cell sorting signal sequence (I), steroid-binding region 
(II; Tsujita and Ichikawa, 1993), adrenodoxin-binding region (III; Wada and Waterman,
1992) and heme-binding region (IV ) are indicated. Arrow indicates the putative 
cleavage site for the mitochondrial leader sequence. Filled triangles indicate the intron / 
exon boundaries in the rat gene.
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5.0 Elasmobranch 3 P-Hydroxysteroid Dehydrogenase
5.1 Introduction
The production o f bioactive corticosteroids and sex steroids depenos on tne 
conversion o f A 5-3P-hydroxy steroids into A4-3-ketosteroids. This conversion is 
catalyzed by a single enzyme, 3 p-hydroxysteroid dehydrogenase/5-ene-4-ene isomerase 
(E.C. 1.1.1.145 and E.C. 5.3.3.1; 3P-HSD). Several distinct isozymes o f 3P-HSD are 
expressed in humans (2 forms), rats (4 forms), hamsters (4 forms) and mice (5 forms) 
and each type appears to be defined by unique nucleic acid sequence and activity (Labrie 
et al., 1992; Rogerson et al., 1995; Park et al., 1996). Human type 13 P-HSD, originally 
isolated from human placenta (Luu-The et al., 1989), is also expressed in skin and breast 
tissue (Rheaume et al., 1991). The human type I I 3 P-HSD is the predominant form 
expressed in gonadal and adrenal tissue, while human type I 3 P-HSD is weakly 
expressed in gonadal tissue and not at all in adrenal tissue (Rheaume et al., 1991). Due 
to their tissue-specific expression and distinct activity, these isozymes are thought to 
perform different functions in humans. In peripheral tissues, human type I 3 p-HSD 
converts adrenal androgens (e.g. dehydroepiandrosterone) into their bioactive forms 
(Labrie, 1991). In adrenal cortex and gonadal tissue, type I I 3 P-HSD is essential to the 
production o f corticosteroids and sex steroids. The pattern o f tissue specific expression 
o f different isozymes o f 3 P-HSD within a single species underscores the importance o f 
the expression and regulation o f this enzyme. In lower vertebrates, it is not clear if  such 
complexity in the expression o f 3P-HSD exists. However, 3P-HSD activity has been 
reported in members o f all classes o f vertebrates (Kime, 1987). This enzyme is therefore
77
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vital in all vertebrates to a number o f physiological processes, including growth, 
development, reproduction and ion regulation.
In the elasmobranch interrenai, which is the homolog o f the mammalian adrenal 
cortex, 3 P-HSD converts pregnenolone into progesterone, the second reaction in the 
pathway which culminates in the formation o f a unique steroid, 1 a- 
hydroxycorticosterone. This steroid is the predominant corticosteroid in elasmobranch 
plasma (Truscott and Idler, 1968) and has demonstrated both mineralocorticoid and 
glucocorticoid activities. The elasmobranch interrenai is composed entirely o f 
steroidogenic cells, but does not display the zonation typical o f the mammalian adrenal 
cortex. In the interrenai o f teleosts, chromaffin cells are intermingled with adrenocortical 
cells, a situation not found in the elasmobranch interrenai. In addition, the endoplasmic 
reticulum o f the elasmobranch interrenai is distinguished by only two predominant 
steroidogenic activities, 3 P-HSD and P450c21. There have been no reports o f P450cI7 
in the elasmobranch interrenai. The absence o f this enzyme precludes the de novo 
production o f adrenal androgens such as androstenedione and dehydroepiandrosterone. 
The interrenai in elasmobranchs therefore seems to be limited to the production o f C21 
corticosteroids. Despite the simplicity o f the steroidogenic pathway in the elasmobranch 
interrenai, there is little data about elasmobranch steroidogenic enzymes.
The elasmobranch interrenai offers a unique model to study steroidogenic enzymes. 
The synthesis o f steroids is dependent upon the transcription, translation and post- 
translational regulation o f steroidogenic enzymes. Therefore, information concerning the 
regulation, structure and enzymatic activity o f these proteins is crucial to elucidating the
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role o f corticosteroids in elasmobranchs. Such information facilitates interclass 
comparisons o f different forms o f these proteins. This paper describes the molecular and 
biochemical characteristics o f 3 P-HSD from the interrenai o f blacktip sharks 
(iCarcharhmus limbcitus) and southern stingrays (Dasyatis americcma). In addition, the 
nucleotide sequence for the spiny dogfish shark (Sqiialus accmthias) testicular 3 P-HSD 
cDNA is presented. This information w ill increase our understanding o f steroidogenesis 
in the elasmobranch interrenai, and the structure and function o f 3 p-HSD in general.
5.2 Methods and Materials
5.2.1 Chemicals
Methanol and methylene chloride (HPLC grade) were obtained from Burdick and 
Jackson, Muskegon, Michigan. Authentic steroids were obtained from Sigma, St. Louis, 
Missouri or Steraloids, Wilton, New Hampshire. [7-3H]pregnenoIone and [ 1,2,6,7,- 
3H]dehydroepiandrosterone were obtained from New England Nuclear, Boston, 
Massachusetts. Trilostane and cyanoketone were obtained from Sterling-Winthrop, 
Rensselaer, New York. A ll other chemicals were o f the highest quality available.
5.2.2 Animals
Blacktip sharks and southern stingrays were caught by longline in the Gulf o f 
Mexico o ff the coast o f Louisiana. Atlantic stingrays were taken by seine o ff the beaches 
o f Turkey Point, Florida. Tissue was dissected, frozen in liquid nitrogen, and stored at - 
80 °C until use. Spiny dogfish shark testicular tissue was a kind gift o f Dr. Gloria 
Callard, Boston University, Boston, Massachusetts.
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5.2.3 Generation or a Partial Elasmobranch 3 P-HSD cDNA with the Polymerase 
Chain Reaction
Interrenai tissue was homogenized in 4 M  guanidinium isothiocyanate and total 
RNA purified by density gradient centrifugation through 5.7 M  cesium chloride 
(Sambrook et al., 1989). Total RNA was then applied to an oligo(dT)-cellulose column 
twice to enrich for messenger RNA. Messenger RNA was used as the template for 
cDNA synthesis using oligo-dT(12.i*) primer and M -M LV reverse transcriptase 
(Superscript, Life Technologies, Gaithersburg, Maryland, USA). Degenerate primers 
(5 '-GC MYTMMGRC C C AT GT AY AT YT AT GGRG A-3' and 5’- 
GGSGTRTCATCTGAGATRTARTAGAA-3') were designed from the predicted amino 
acid sequences o f mammalian isozymes o f 3 P-HSD. A standard polymerase chain 
reaction (PCR) was conducted with 5 pi o f the cDNA synthesis reaction mix, 200 pM 
dNTP and 100 pmoles o f each degenerate primer in a 100 pi reaction volume. The PCR 
reaction mix was subjected to 30 cycles at 45°C, 72°C, and 95°C for 30 seconds each. 
Amplification yielded products o f the expected size (237 base pairs) which were 
subcloned into pT7-Blue (Novagen, Madison, Wisconsin) and sequenced using a 
commercial dideoxynucleotide sequencing kit (Sequenase, United States Biochemicals, 
Cleveland, Ohio). Identity o f each product was confirmed by comparison o f resulting 
sequences to known 3 P-HSD sequences. The 3' end o f the blacktip 3 P-HSD homolog 
was extended using the rapid amplification o f cDNA ends technique. Briefly, cDNA was 
constructed from 2 pg o f twice-selected blacktip shark mRNA from the interrenai using 
the Marathon cDNA amplification kit (Clonetech, Palo Alto, California). After second
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strand synthesis, unique adapters (supplied) were ligated onto the cDNA ends. The 
ligated cDNAs functioned as the template in a PCR reaction using a gene-specific primer 
to blacktip 3 p-HSD and the adapter-specific primer supplied with the kit. Amplification 
products were ligated into pT7-Blue and sequenced as described above.
5.2.4 Construction and Screening of cDNA Libraries
A cDNA library was constructed from southern stingray interrenai mRNA primed 
with oligo(dT)l2.Ig using a commercial kit (Superscript Choice cDNA, Bethesda 
Research Laboratory, Bethesda, Maryland), as described in section 4.2.2. Briefly, cDNA 
synthesis was followed by sequential ligation o f products to £coRI adapters and then to 
£coRI-digested lambda phage DNA (A.SH/ox, Novagen). Approximately 9 X  10s 
plaques were screened with a random primed 32P-labeled homologous 3 P-HSD PCR 
fragment. Three positive clones were isolated after three rounds o f screening. The 
longest clone (approximately 4000 base pairs) was selected for sequencing. The 3 P- 
HSD insert was excised from the pSHlox vector using Not I and subcloned into a 
pBluescript-KS vector. This construct was used to generate a set o f nested deletions 
(Erase-A-Base, Promega, Madison, Wisconsin). Sequencing was conducted as 
described above.
5.2.5 Northern Blot Analysis
For Northern blot analysis, 40 gg o f southern stingray interrenai total RNA, 8 gg o f 
blacktip shark poly(A) selected interrenai RNA and 5.4 pg o f molecular weight ladder 
(Bethesda Research Laboratories) were denatured in glyoxal/DMSO as described in 
Sambrook et al. (1989) and size fractionated through a 1% agarose gel in recirculating,
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chilled 10 mM sodium phosphate buffer. Fractionated RNA was transferred from the gel 
tc a nitrocellulose membrane using positive pressure (Posiblotter, Stratagene 
Corporation, La Jolla, California). Membranes were dried at 80°C for one hour under 
vacuum and then washed in 20 mM Tris (pH 8.0) for 5 minutes at 65°C to remove 
residual glyoxal. Membranes were prehybridized overnight in 50% formamide, 5X 
Denhart’s solution (1 g Ficoll, 1 g polyvinylpyrrolidone, and 1 g bovine serum albumen 
per liter), 5 X SSPE (750 mMNaCl, 50 mMNaH2P04, 5 mM ethylenediaminetetraacetic 
acid (EDTA)), 0.5% SDS and 100 pg/ml sheared herring sperm DNA. The membrane 
was then hybridized overnight with a random primed 32P-labeled probe using the stingray 
or blacktip shark 3 P-HSD cDNA as template. Blots were washed with solutions o f 
increasing stringency, with the final wash being O.lx SSPE, 0.1% SDS at 42°C for 20 
minutes. Blots were exposed to X-ray film  for 2 days (C. limbatus) or 5 days (D. 
americana) at -80°C.
5.2.6 Preparation of Microsomes
Microsomes were isolated using the methods described in Callard et al., (1985) with 
slight modifications. Briefly, interrenai tissue o f approximately 40 blacktip sharks was 
homogenized on ice by teflon pestle in 5 volumes buffer A  (123 mM potassium chloride,
5 mM magnesium chloride, 10 mM potassium phosphate, 25 m M N-[2- 
hydroxyethyl]piperazine-n'-[2-ethanesulfonic acid] (HEPES), 0.2 mM EDTA, 1 mM 
phenylmethylsulfonyl fluoride; pH 7.0 at 25°C). The homogenate was centrifuged at 
800 x g for 20 minutes. The resulting nuclear pellet was again homogenized and 
centrifuged at 800 x g for 20 minutes. The two 800 x g supernatants were combined and
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centrifuged at 30,000 x g for 20 minutes. The resulting mitochondrial pellet was 
homogenized in buffer A and centrifuged again at 30,000 x g for 20 minutes. The two
30,000 supernatants were pooled and centrifuged at 105,000 x g for 1 hour to obtain a 
microsomal pellet. A ll centrifugations were conducted at 4°C. The presence o f 
potassium chloride was shown to partially inhibit 3 P-HSD activity (data not shown), so 
the microsomal pellet was resuspended in buffer B (50 mM potassium phosphate and 3 
mM MgCU, pH 7.0 at 25°C), dispensed into 500 pi aliquots and stored at -80°C until 
use. Liver, kidney, rectal gland, brain, gill, and muscle tissue was homogenized in 5 
volumes o f buffer B and centrifuged at 800 x g for 5 minutes in order to remove most o f 
the cellular debris. The supernatant o f this centrifugation was then used to screen tissues 
for the presence o f 3 p-HSD activity. Protein concentration was determined with a Bio- 
Rad assay, using gamma globulin as the standard. Aliquots o f all fractions were saved 
and stored at -80°C.
5.2,7 Determination of 3p-HSD A ctiv ity
Steroids used as substrates were added to a 1:10 mixture o f glycerol and ethanol. 
The ethanol was removed under vacuum at room temperature in a Savant Speed-Vac 
system and the resulting drop o f glycerol (no more than 5 pi), was then resuspended in 
100 pi o f buffer B. Interrenai 3 P-HSD activity was determined in buffer B containing 5 
mM NAD' and either 3H-pregnenoIone or 3H-dehydroepiandrosterone (concentrations o f 
steroids are as described in figure legends). Metabolism o f 17a-hydroxypregnenolone 
was determined from incubations o f microsomal protein with 1 pM 17a- 
hydroxypregnenolone and 5 mM NAD*. The product o f this incubation, 17a-
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hydroxyprogesterone, was detected by UV absorbance at 240 nm. Incubations were 
initiated by the addition o f 10 pg interrenai microsomes in 100 pi o f buffer B to a final 
volume o f 200 pi. Incubations o f peripheral tissue homogenates were conducted for 3 
hours with approximately 100 pg o f protein, 0.1 pM  3H-pregnenolone and 5 mM NAD* 
in a final volume o f 200 pi. The temperature o f all incubations was maintained at 30°C 
in a water bath/orbital shaker. Five ml o f methylene chloride were added to terminate 
reactions and to extract steroids from the aqueous phase. The organic phase was 
evaporated under vacuum at 60°C and the residue dissolved in 100 pi o f 50% aqueous 
methanol. Steroids were separated by reverse phase high pressure liquid 
chromatography (HPLC). Samples were injected onto a 250 mm X 4.6 mm Ultrasphere 
C,jt reverse phase column (Beckman, Fullerton, CA) with a 5 pm particle size. Solvent A 
was 50% methanol in water and solvent B was 100% methanol. Steroids were eluted 
from the column with a linear gradient o f 25% B to 75% B in 5 min. Rates o f steroid 
metabolism were calculated by determining the percentage o f substrate metabolized. A ll 
reactions were normalized for protein concentration and length o f incubation. Unless 
otherwise indicated, rates are given as mean ± standard deviation. Alterations from 
standard reaction conditions are specified in the figure legends.
5.3 Results
5.3.1 cDNAs Encoding Elasmobranch 3 P-HSD
The degenerate primers were used to successfully amplify a 3 P-HSD fragment from 
tissues o f three species o f elasmobranch (D. americana, the southern stingray interrenai; 
Ccircharhimis limbcitus, the blacktip shark interrenai; and Sqiialus accmthias, the spiny
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dogfish testis). Alignment o f the elasmobranch PCR 3 P-HSD fragments indicates that 
the dogfish and blacktip shark forms are most alike, with the two most advanced 
elasmobranchs, the blacktip shark and the stingray, being the least alike. A ll the 
elasmobranch forms shared approximately the same similarity to the salmonid fragment. 
The deduced amino acid sequence o f these fragments are aligned with the corresponding 
fragment from the rainbow trout (Oncorhynchus mykiss) isoform (Sakai et al., 1994) in 
Figure 5-1 and the degree o f identity between these species is given in Table 5-1.
The screening o f the southern stingray interrenai library with the autologous 3 P- 
HSD PCR fragment yielded three positive clones. No clone extended through the entire 
5' encoding region for 3 P-HSD. The longest clone included a 5' region characterized by 
several areas o f compression when sequenced, a problem which could not be entirely 
resolved. The sequence in this region did not align with corresponding sequence o f the 
second longest clone and its deduced amino acid sequence was not similar to other 3 P- 
HSD homologs. It appears that the 5'-end o f the longest clone could represent an 
unexcised intronic sequence or cloning artifact. The composite o f the isolated clones 
(Figure 5-2) was approximately 86% o f the expected encoding region for the D. 
americana 3 P-HSD homolog. The nucleic acid sequence includes 1026 bp o f the 3' 
untranslated region. This region contains two putative polyadenylation signals (at 1370 
and 1969 bp respectively) but no poly-(A) tail. The 3' end o f the blacktip form o f 3 P- 
HSD was extended with the use o f specific primers to the known sequence. Using these 
primers, most o f the 3' end o f the encoding region was successfully amplified and 
subcloned. This fragment was 550 nucleotides in length, but did not include a
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termination signal and apparently was truncated just short o f this sequence (Figure 5-2). 
Northern biot analysis o f stingray and biacktip shark interrenal RNA revealed single 
transcripts o f 3 P-HSD for both species (2400 bp and 1400 bp respectively; Figure 3).
Comparison o f the amino acid sequences deduced from the stingray and biacktip 
shark cDNAs indicates only 40-44% similarity to mammalian forms and 49-52% 
similarity to the teleost form o f this enzyme (Table 5-2). Identity increased to 85-90% in 
regions known to be highly conserved in 3 P-HSD (Figure 5-4).
5.3.2 Subcellular Fractionation and Cofactor Specificity
Specific activity, measured by the conversion o f tritiated pregnenolone to 
progesterone, was enriched in the microsomal fraction o f the biacktip shark interrenal 
and was only detected in the presence o f the oxidized forms o f nicotinamide adenine 
dinucleotides (data not shown). Biacktip shark 3 P-HSD activity increased linearly over 
a range o f 5 pg to 25 pg microsomal protein assayed using 1 pM tritiated pregnenolone 
and 5 mM NAD" (data not shown). Activity was not detected in liver, kidney, rectal 
gland, brain, gill, and muscle tissue o f either the southern stingray or the Atlantic 
stingray. Biacktip 3 P-HSD activity was 3 times greater in the presence o f NAD" than 
NADP". The presence o f NADP" (0.4 mM to 0.025 mM) did not statistically affect the 
activity o f the enzyme when assayed with 0.1 mM NAD" and 1 pM 3H-pregnenolone. 
This was also true for the presence o f NADPH (0.4 mM to 0.025 mM). The 
pregnenolone produced in this reaction was quickly converted into 11- 
deoxycorticosterone by cytochrome P450c21 (data not shown).
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Table 5 -1: Percent identity o f the deduced amino acid sequences o f the PCR
products o f the elasmobranch forms o f 3 P-HSD and the corresponding fragment o f the 




TROUT 58% 58% 63%

















STINGRAY ___ T.......SQ. I . KDFHQP. C . .M..P.K..RE................. I.L. . . .KE 60
BLACKTIP .F..........C. .MER.LDEA.I. .D. . H.S.KKQ. . ............ V . V . . . .K. 59
DOGFISH ............ S..I.Q. LNEG . I . . G . . Q . T . . K Q ................. V . V . . . .N. 60
TROUT ...........GC. .L.G.MGDG.R. . DM . Y . T . . PE .Q .........A. L . . LQA. . .LR. 60
Consensus ALRPMYJYGEN*RF*L*H* * * * I*NG*VL*R*SR* *ALVNPVYVGNVAWAH*L*ARAM*D 60
STINGRAY EDK.K.I....... T ____ 79
BLACKTIP QEQ.E.V....... T____ 78
DOGFISH QDNNK.V....... S. . . . 79
TROUT PQ R .A A I . . N .... S .... 79
Consensus * * *R*I *GGKFYYJ *DDTP 79
Figure 5-1. Alignment o f the deduced aa sequence o f the elasmobranch 3 P-HSD PCR products to the corresponding region 
o f the trout homolog (Sakai et al., 1994; residue 186 to residue 264). The regions encoded by the degenerate primers are 
overlined. Dashes represent gaps introduced to facilitate alignment. Dots indicate identity to the consensus sequence. 




Figure 5-2. Aligned nucleotide and deduced amino acid sequences o f southern stingray 
and biacktip shark 3 P-HSD partial cDNA clones. Dashes represent gaps introduced to 
facilitate alignment. The incomplete open reading frame (954 base pairs) o f the southern 
stingray cDNA encodes a protein o f 317 amino acid residues, approximately 86% o f the 
full protein. The incomplete open reading frame (550 base pairs) o f the biacktip shark 
cDNA encodes a protein o f 183 amino acid residues. The 3'-untranslated region o f the 
southern stingray cDNA (1028 base pairs in lowercase) is characterized by two putative 
polyadenylation signals (bold) at 1374 base pairs and 1972 base pairs, but lacks a 
poly(A) tail at the terminus.


















L T V F K E D L R N T R V L Q K I C Q G
STINGRAY GTGACCTGTGTTCTTCACACTGCGTCCTTGATTGATATCTGGGGAAACATCAGCAAAGAA 120
V T C V L H T A S L I D I W G N I S K E
STINGRAY GAATTAGAAGCTGTCAATATTGAAGGAAGCTGCCATTTATTAGAAGCCTGCATTCAGCAG 180
E L E A V N I E G S C H L L E A C I Q Q
STINGRAY AATGTGAAGAGCTTCATCTACACCAGCAGTGTAGAAGTGGTGGGNCCCAATGAAAGAGGT 240
N V K S F I Y T S S V E V V G P N E R G
STINGRAY GATCCTATCTGTAATGGTGATGAAGACACAAACTACAATAGCAGTCTGAAATTTCCGTAC 300
D P I C N G D E D T N Y N S S L K F P Y
STINGRAY AGCCAAACAAAATCACGAGCAGAGCAAATAATTCTAAAAGCAAATGGATCCCCTATTCCG 360
S Q T K S R A E Q I  I L K A N G S P I P
- - - - - - - - A F R P M Y I Y G E N C
BLACKTIP ------------------------------ GCATTCAGACCCATGTACATTTATGGGGAAAACTGC 36
STINGRAY AATGGTGAGTGGATAGTTACATCTGCTCTAAGACCCACGTACATCTATGGAGAAAATAGT 420
N G E W I V T S A L R P T Y I Y G E N S
R F M E R H L D E A I  I N G D V L H R S  
BLACKTIP CGCTTTATGGAAAGACACTTGGATGAAGCGATCATCAATGGAGATGTTCTGCACAGAAGT 9 6
STINGRAY CAGTTCATTCTCAAAGATTTCCATCAACCAATCTGCAACGGAATGGTTTTGCCAAGAAAA 4 80



















S K K Q A L V  - P V Y V G N V A W A H V  
BLACKTIP TCCAAGAAGCAGGCTCTGGTG...CCAGTTTATGTTGGCAATGTAGCCTGGGCTCATGTT 
STINGRAY TCCAGGAGGGAAGCTCTTGTGAATCCAGTGTATGTAGGCAATGTGGCTTGGGCTCATATT 
S R R E A L V N P V Y V G N V A W A H  I
133 
54 0
L V A R A M K D Q E Q R E I V G G K F Y  
BLACKTIP TTAGTGGCCAGAGCTATGAAAGACCAAGAACAAAGAGAAATTGTTGGTGGAAAGTTCTAT 
STINGRAY TTATTGGCCAGAGCCATGAAAGAAGAAGACAAAAGGAAAATTATTGGTGGCAAGTTTTAT 
L L A R A M K E E D K R K  I I G G K F Y
213
600
Y I T D D T P H M S Y S D F N Y E M M G  
BLACKTIP TACATCACCGATGATACCCCACACATGAGCTACTCTGATTTTAACTATGAGATGATGGGC 
STINGRAY TACATCACAGATGACACCCCACACACGAGTTACTCAGATTTTAACTATGAGTTGATGAGC 
Y I T D D T P H T S Y S D F N Y E L M S
273
660
P L G F T I S E K L D M P L L L M Y F I  
BLACKTIP CCTCTGGGATTTACAATTTCAGAAAAGCTTGACATGCCTCTGTTGCTCATGTACTTCATT 
STINGRAY TTTTTGGGGTTTACAATGCCATCAAATTTTCGCATTCCTCTGCTGCTCATGTACTATGTT 
F L G F T M P S N F R I  P L L L M Y Y V
333
720
A F I L E M V Q F L V R P F I R Y I  P K  
BLACKTIP GCTTTCATACTGGAGATGGTTCAGTTTTTGGTCAGGCCATTTATTAGATACATTCCCAAA 
STINGRAY ACCTACATAGTGGAGATACTGATGTTTTTGTTTAGGCCTTTCATTAAATGTGTTCCCAAA 
T Y I V E I L M F L F R P F I K C V P K
393
700
I N R S L I T M L N T K F T F T S H K A  
BLACKTIP ATAAATCGATCCCTAATTACAATGCTCAACACAAAATTCACCTTTACCAGCCACAAAGCC 433
STINGRAY TTAAACCGACAGCTCATTGCAATGTTTAACACAAAATTCACCTTTATCAGCCACAAAGCA 840



















B L A C K T IP
S T IN G R A Y
B L A C K T IP
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S TIN G R A Y
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S T IN G R A Y
S TIN G R A Y
S T IN G R A Y
R S D F D Y V P R Y S W D V A K K Q T M  
CGCAGTGATTTTGACTATGTACCACGTTACAGTTGGGATGTAGCAAAAAAGCAGACCATG SI3
CAGAATGATTTTAACTACACCAAACTTTACAGTTGGGAAATAGCTAAAGAAAGGACCACT S>00
Q N D F N Y T K L Y S W E I A K E R T T
A W L A S I V Q D E R E - - - - - -
GCCTGGTTGGCTTCAATTGTACAAGATGAACGCGAAA--------------------------- 550
GCCTGGTTGGCTTCAGTAGTACAGGAGAGAAGAGATTTTTTAAATAAAAAGTGAcactta 960























Figure 5-3. Northern blot o f southern stingray and biacktip shark interrenal mRNA. The 
rainbow trout form is encoded by a 1.4 kb transcript (Sakai et al., 1994). (A) southern 
stingray transcript; (B) biacktip shark transcript.
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Figure 5-4. Comparison o f the deduced amino acid sequence o f stingray 3 P-HSD to the 
trout, rat, pig, bovine and human forms o f 3 p-HSD (references appear in text). Dots 
indicate identity with the stingray form. Dashes indicate gaps introduced to facilitate 
alignment. The putative membrane leader sequence (I) and steroid binding site (II) are 
indicated.


















S T I N G R A Y  ----------------------  1  LTV 3
B L A C K T I P  --------------------------------------------------------------------------------------------------------------------------------------------------
T R OUT  MS L Q GDV C VVT GA C GF L GK R 1 . V R L L L E E DKL T E I  R M L P I N V R P Q L I  Q C L E E I R G D T L V S  . 6 0
HUMAN 1 . . . T G WS C L V T G A G G F L G Q R I 1 R L L V K E K E L K E I R V L D K A F G P E L R E E F S K L Q N K T K . . . 5 7
HUMAN I I  . . . . G W S C L V T G A G G L L G Q R I V R L L V E E K E L K E I R A L D K A F R P E L R E E F S K L Q N R T K . . .  5 6
RAT I  . . . P G W S C L V T G A G G F V G Q R I I R M L V Q E K E L Q E V R A L D K V F R P E T K E E F S K L Q T K A K V . M  5 7
RAT I I  . . . P G W S C L V T G A G G F V G Q R I I R M L V Q E K E L Q E V R A L D K V F R P E T K E E F S K L Q T K A K V . M 5 7
S T I N G R A Y  F K E D L R N T R V L Q K I C Q G V T C V L H T A S L I D I W G N I S K E E L E A V N I E G S C H L L E A C I Q Q N V K  6 3
B L A C K T I P  ---------------------------------------------------------------------------------------------------------------------------------------------------
T R OUT  . E G . I S D S E L . R R A . K . A S L . F ....................... V T . K V L Y S . . H R . . V K . T Q L . . . T . V . E . . V  1 2 0
HUMAN I  L E G . I L D E P F . K R A . . D . S V I I . . . C l . . V F . V T H R . S I M N . . V K . T Q L  V . A S . P  1 1 7
HUMAN I I  L E G . I L D E P F . K R A . . D . S V . I . . . C l . . V F . V T H R . S I M N . . V K . T Q L  V . A S . P  1 1 6
RAT  I  L E G . I L D A Q Y . R R A . . . I S V . I . . . A V . . V S H V L P R Q T I L D . . L K . T Q N I . . . . V E A S . P  1 1 7
R AT  I I  L E G . I L D A Q Y . R R A . . . I S V . I . . . . V M . F S R V L P R Q T I L D . . L K . T Q N  G . H A S . P  1 1 7
S T I N G R A Y  S F I Y T S S V E W G P N E R G D P I C N G D E D T N Y N S S L K F P Y S Q T K S R A E Q I I L K A N G S P I P N G E  1 2 3
B L A C K T I P  ---------------------------------------------------------------------------------------------------------------------------------------------------
T R OUT  .................... I . . A .  . . A N .  . . . I  . . . . N .  P . T C ........................K . . KE . . . V T . Q . Q . E V L Q . . G 1 8 0
HUMAN I  V ................... I . . A . . . S Y K E I . Q .  . H . E E P L E N T W P A . . P H S . K L . . K A V . A . . . WN L K . . G 1 7 7
HUMAN I I  V ................... I .  . A .  . . S Y K E I . Q .  . H . E E P L E N T W P T . . P Y S . K L .  . K A V . A .  . . WNL K.  . D  1 7 6
RAT I  A . . . C . T . D . A . . . S Y K K I . L . . H . E E H H E . T W S D A . P Y S . R M. . K A V . A . . . . I L K . . G 1 7 7
RAT I I  A .  . . C . T . D . A . . . S Y K K T . L .  . R . E E H H E . T W S N .  . P Y S . K M .  . K A V . A .  . .  . I L K .  . G  1 7 7
S T I N G R A Y  
B L A C K T I P  
T R OUT  
HUMAN I  
HUMAN I I  
RAT  I  
RAT I I
I I
W I V T S A L R P T Y I Y G E N S Q F I L K D F H Q P I C N G M V L P R K S R R E A L V N P V Y V G N V A W A H I L L A
------------ . F . . M .................. C R .  M E R H L D E A . I  . . D . . H . S  . K K Q . . . - ...................................V . V .
GCR . L . GHMGDG. R . . D M . Y . T .  . P .  . Q .........................A .  L . . LQA.
G.  R . L S A S I N E A L N . NGI  . S S V G K F S T - ............................................... A L
G G P . L S A S I N E A L N .  N G I  . S S V G K F S T - ............................................... AL
L S V M I L A A L K . KGI  . N V T G K F S I - A ............................................ A .
R L A . C . . . . M .  
T L Y . C . . . . M.
TLY . C .................
T L H . C . . . . M.  
T L H . C . . . . M.
. . R . P .

























S T I N G R A Y  RAMKEEDKRK1 I GGKE’Y Y I T D D T P H T S Y S D F N Y E L M S F L G F T M P S N F R I P L L L M Y Y V T Y I  2 4  3
B L A C K T I P  . . . . D Q E Q . E . V ........................................M ..........................M . G P . . . . I S E K L D M .................. F I A F ,  1 1 4
T R OUT  . . L R D P Q R . A A . . . N . . . . S . . . . P V  H A V L . P .  . . S I Q E K P I L . I P V L . L L C F L  3 0 0
HUMAN I  . . L Q D P K . A P S . R . Q . . . . S  Q . . D N L . . T . S K E F . L R L D . R W S F . . S . . . W I G F L  2 9 6
HUMAN I I  . . L R DP K . A P S V R  . Q . . . . S  Q . . D N L . . I . S K E F . L R L D . R W S L . . T . . . W I G F L  2 9 5
RAT  I  . G L R D P K . S Q N V Q . Q .  . . . S  Q . . D . L . C T . S K E W . L R L D . S W S L . . P . L . WLAFL 2 9 6
RAT I I  . G L R D P K . S Q N . Q . Q . . . , S  Q . . D . L . C T . S K E W . L R L D . S W S L . . P . L . WLAFL  2 9 6
S T I N G R A Y  V E I L M F L F R P F I K C V P K L N R Q L I A M F N T K F T F I S H K A Q N D F N Y T K L Y S W E I A K E R T T A W L  3 0 3
B L A C K T I P  L . M V Q .  . V . . . . R Y I . . I . . S . . T . L ....................T . . . . R S . . D . V P R . . . D V . . K Q . M . . .  1 7 4
T R OUT  M . M . Q I . L C . . K R F T . P I . . . . L T . L . . P . S . S Y R R . . R . M G . A P R . . . . E . R K . . M D . V  3 6 0
HUMAN I  L . . V S . . L . . I Y T Y R . P F . . H I V T L S . S V . . . S Y K . . . R . L A . K P  E . . Q K . V E . V  3 5 6
HUMAN I I  L . V V S . . L S . I Y S Y Q . P F . . H T V T L S . S V . . . S Y K . . . R . L A . K P  E . . Q K . V E . V  3 5 5
R AT  I  L . T V S . . L . . . Y N Y R . P F . C H . V T L S . S . . . . S Y K . . . R . L G . V P . V . . . E . . Q K . S E . I  3 5 6
RAT  I I  L . T V S . . L . . . Y N Y R . P F . C H . V T L S . S . . . . S Y K . . . R . L G . E P . V . . . E . . Q K . S E . I  3 5 6
S T I N G R A Y  AS V V Q E R R D F L N K K  3 1 7
B L A C K T I P  . . I . . D E . E -------------  1 8 3
T R O U T  . . Q L P K E . E R I K V .  3 7 4
HUMAN I  G . L . D R H K E T . K S . T Q  3 7 2
HUMAN I I  G . L . D R H K E T . K S . T Q .  3 7 1
RAT  I  G T L . E Q H . E T . D T . S Q  3 7 2
RAT I I  G T L . E Q H . E T . D T . S Q  3 7 2
M3ON
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Table 5-2: Percent identity o f the deduced amino acid sequences o f the southern 
stingray and biacktip shark cDNAs and other forms. References for the trout, human I, 




HUMAN I 43% 46%
HUMAN II 42% 45%
R A TI 40% 46%
RAT II 42% 46%
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5.3.3 Kinetics
The biacktip shark 3 6-HSD had a lower affinity for pregnenolone (Kn, = 0.35 ± 0.06 
uM) than for dehydroepiandrosterone (K^ =0.12 ± 0.02 pM). However, the maximal 
velocity obtained with pregnenolone as the substrate was twice that when 
dehydroepiandrosterone was the substrate (Vmax= 2.3 ± 0.11 nmol /  min /  mg protein and
1. 1 ±0.41 nmol / min /  mg protein, respectively). The southern stingray homolog 
o f 3 P-HSD showed approximately equal affinities for both pregnenolone (K^, = 0.13 ± 
0.09 pM) and dehydroepiandrosterone (K^ = 0.12 ± 0.08 pM) and both substrates were 
metabolized at approximately the same rate ( V ^  = 4.0 ± 0.51 nmol /  min / mg protein 
and Vmax = 4 .1 ± 0.53 nmol / min /  mg protein respectively; Table 5-3).
Although rates were not determined, biacktip shark 3P-HSD was able to convert 
17a-hydroxypregnenolone into 17a-hydroxyprogesterone (data not shown). 
Cyanoketone (IC50 = 3.62 pM) was approximately four times more potent in inhibiting 
3 P-HSD as trilostane (ICS0 = 14.97 pM; Figure 5-5).
5.3.4 Effects o f Temperature, pH and Solutes on 3 P-HSD A ctiv ity  
Activity increased with increasing temperature to 35°C. At 30°C, 3 P-HSD
activity reached maximal activity at pH o f 7.5 (Figure 5-6). Urea and TMAO alone had
5.4 Discussion
Alignment o f the elasmobranch PCR 3 p-HSD fragments indicated that the dogfish 
and biacktip shark forms are most alike, with the two most derived elasmobranchs, the 
biacktip shark and the southern stingray, being the least alike. A ll the elasmobranch 
forms shared approximately the same identity to the salmonid fragment. Comparison of
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Table 5-3: Kinetic parameters for the biacktip shark, southern stingray, human and
rat forms o f 3 p-HSD. Kinetic properties o f elasmobranch 3 P-HSD were determined by 
incubating 15 pg interrenal microsomal protein for 15 seconds to 1 minute in 200 pi 
buffer B containing 5 mM NAD* with a range o f concentrations (0.05 to 2 pM) o f either 
[3H]pregnenolone or [3H]dehydroepiandrosterone. Kinetic parameters were determined 
using the Michaelis-Menton equation (v0 = ( V ^  [S]) /  (Km+ [S])) with the line fitted 
using nonlinear regression (PRISM software, Graphpad, San Diego, CA). Units for the 
Michaelis-Menten constant (K ^  and maximal velocity ( V J  are pM ± standard error 
and nmol steroid /  minute / mg protein ± standard error respectively. Values o f the 
human and rat forms are taken from Labrie et al., 1992. Mammalian 3 P-HSD activity 
was determined at 37 °C. Kinetic parameters for the elasmobranch forms were 









V ^ iS E
(pM) (nmol/min/mg)
BLACKTIP 0.35 ±0.06 2.3 ±0.1 0.12 ± 0.02 1.1 ±0.4
STINGRAY 0.13 ±0.09 4.0 ± 0.5 0.12 ±0.08 4.1 ±0.5
HUMAN I 0.24 0.18
HUMAN II 1.2 1.6
R A TI 0.74 5.1 0.68 4.1
RATH 14.3 1.57 12.9 1.67





2 0 21 1
log [Inhibitor] (pM)
Figure 5-5. Inhibition o f biacktip shark 3 P-HSD activity by cyanoketone and trilostane. 
Microsomal protein (45 pg) was incubated for five minutes at 30 °C in the presence of 
I mM N AD ' and I uM [3H]pregnenolone in 200 pi o f buffer B. Either cyanoketone 
(0.03 pM, 0.3 pM, 3 pM, 28 pM or 140pM) or trilostane (0.5 pM, 1 pM, 5 pM, 10 
pM or 50 pM) was included in these reactions. Points represent the mean o f two 
determinations at each concentration and error bars represent standard error. ICJ0 was 
calculated using nonlinear regression (PRISM software, Graphpad, San Diego, CA).
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Table 5-4: Effects o f temperature on the activity o f biacktip shark 3 P-HSD.
Microsomal protein ( 15 pg) was incubated in the presence o f 5 mM NAD" and 1 pM 3H- 
pregnenolone in 200 pi o f buffer B for 1 minute at the temperature indicated. Rates 
were determined by quantifying substrates and products using HPLC. Values represent 
the mean o f three incubations.
nmol/min/mg protein 
Temperature (°C) ± standard error
20 0.6 ± 0.012
25 1.9 ±0.035
30 1.9 ± 0.101
35 0.4 ±0.047

















c 6.0 6.5 7.0
pH
7.5 8.0
Figure 5-6. Effects o f pH on biacktip shark 3 P-HSD activity. Microsomal protein (15 
ug) was incubated for one minute at 30 °C in the presence o f 5 mM N A D ' and I uM 
[3H]pregnenolone in 200 gl o f buffer B adjusted to the appropriate pH. Rates represent 
the mean o f three incubations. Error bars represent standard error. Bars with the same 
letters are not significantly different from each other at P < 0.05 (analysis o f variance 
followed by Student-Newman-Keuls).











c CON U T
TREATMENT
UT
Figure 5-7. The effects o f the nitrogenous compounds urea and TMAO on biacktip 
shark 3 P-HSD. Activities were determined by incubating 15 pg interrenal microsomes 
for 2.5 minutes at 30 °C and pH 7.0 in 300 pi buffer B which contained 5 mM NAD*, 1 
pM [3H]pregnenolone and either 400 mM urea (U), 200 mM TMAO (T) or urea and 
TMAO (UT; 400 mM and 200 mM, respectively). Rates represent the mean o f four 
individual incubations o f a single assay. Error bars represent standard error. Asterisks 
denote treatments which were significantly different from the control (CON) at P< 0.05 
(analysis o f variance followed by Dunnett's test).
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the amino acid sequences deduced from the southern stingray and biacktip shark cDNAs 
indicates only 40-44% identity to mammalian forms and 49-52% identity to the teteost 
form o f this enzyme. Identity increases in the putative steroid binding region, which is 
highly conserved in all forms o f 3 P-HSD (Rutherford et al, 1991; see residues 197-204 
in the southern stingray form). A  glutamate residue (GIu8* in the southern stingray) 
crucial to catalysis in mammalian species (Simard et al., 1993a) is conserved in the 
stingray, although the similarity o f the regions flanking it are not high. A  mutation which 
changes Ala24S residue to Pro245 greatly reduces the activity o f the human type II form o f 
3 P-HSD (Simard et al., 1993a); however, this residue is not conserved in any o f the fish 
forms (southern stingray, biacktip shark, or trout). The regions preceding (residues 167- 
180 o f the stingray) and following (residues 197-211 in the stingray) this position are 
highly similar. These regions may greatly contribute to the function o f this enzyme.
The elasmobranch interrenal form o f 3 P-HSD is kinetically more similar to the 
human type I and rat type I forms, which have lower K,,, values and higher specific 
activities than the human type II and rat type I I  forms (Table 2). The similarity between 
the stingray and rat I forms extends to the molecular level as well. The presence o f a 
membrane spanning region in the rat type I is thought to be responsible for the higher 
affinity and activity o f this enzyme (Simard et al, 1991). This membrane spanning region 
(residues 75-91 o f the rat type I, figure 5-4) is sensitive to amino acid replacements at 
positions 83, 85, 87 and 89. Although the stingray form has a serine residue 
corresponding to the alanine in position 83 o f the rat I form , positions in the
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elasmobranch forms corresponding to rat residues 85, 87 and 89 are hydrophobic 
residues, as they are in the rat form.
Differences in primary structure among the elasmobranch forms o f this enzyme and 
other homologs are to be expected due to the evolutionary distances involved. 
Physiological differences may have also played a role in shaping the primary structure o f 
this enzyme in different species. Elasmobranchs retain high concentrations o f 
nitrogenous osmolytes such as urea (300-600 mM) and TMAO (100-300 mM), allowing 
these animals to maintain an internal osmotic pressure equal to or slightly greater than 
seawater (Pang et al., 1977). Essential to the success o f this osmoregulatory strategy is 
the ratio (typically around 2 :1) o f urea to methylamine osmolytes such as TMAO. The 
denaturing effects o f urea are counteracted by the presence o f methylamine osmolytes, 
such as TMAO, betaine and sarcosine (Yancey and Somero, 1978). The enzymatic 
activity o f biacktip shark 3 P-HSD was not affected by the presence o f urea (400 mM) or 
TMAO (200 mM). Activity was only slightly enhanced when incubated in buffer 
containing both o f these compounds at the concentrations above. Differences between 
the primary structures o f the elasmobranch and other forms o f 3 P-HSD might, in part, be 
a consequence o f the evolution this cellular milieu.
Although there are significant differences in the primary structure o f the mammalian 
and elasmobranch forms o f 3 p-HSD, these homologs are similar in many respects. The 
elasmobranch homolog o f 3 P-HSD is inhibited by cyanoketone and trilostane, which is 
known to be a highly effective inhibitor in mammalian systems. In addition, most forms 
o f 3 P-HSD are specific for the cofactor they utilize. The biacktip form o f 3 P-HSD
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preferentially uses NAD'. NADP' is a poor inhibitor o f biacktip shark 3 P-HSD activity. 
The subcellular distribution o f 3 p-HSD activity is typical o f that found in mammals. 
Biacktip shark interrenal 3 p-HSD activity is greatly enriched in the microsomal 
subcellular fraction, but was also present in the mitochondrial fraction. Reports o f 3 P- 
HSD activity in the mitochondrial fraction o f tissue homogenates are common, and may 
represent a mitochondria specific isoform o f this enzyme (see Sauer et al., 1994, for 
review). Indeed, there is evidence that 3 P-HSD may complex with cytochrome P450scc 
to form a functional unit capable o f converting cholesterol directly to progesterone 
(Cherradi et al., 1995). The existence o f a mitochondrial isoform in the elasmobranch 
interrenal cannot be ruled out. Biacktip shark 3 P-HSD activity is only detected when 
exogenous NAD' is added, which is evidence that this activity is due to microsomal 
contamination o f the mitochondrial preparation (Sauer et al., 1994).
The enzyme homologs from both species o f elasmobranch had similar affinities for 
pregnenolone and dehydroepiandrosterone, which is typical o f mammalian forms o f this 
enzyme (Labrie et al., 1992). The rainbow trout ovarian form o f 3 P-HSD expressed in a 
mammalian cell line showed a preference for dehydroepiandrosterone over 17a- 
hydroxypregnenolone, with minimal ability to convert pregnenolone to progesterone 
(Sakai et al., 1994). The active steroids produced by the steroidogenic tissues in the 
rainbow trout (androgens and estrogens in the gonadal tissue and cortisol in interrenal 
tissue), are at some point in their synthesis, hydroxylated at the 17-position. The fact 
that the trout homolog o f 3 P-HSD displays a preference for 17-hydroxylated substrates 
is not surprising. Although 17-hydroxylated steroids are produced in elasmobranch
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gonadal tissue, there have been no confirmed reports o f cytochrome P450cl7 activity in 
the elasmobranch interrenal. Assuming that eiasmobranchs express a single isoform o f 
3 p-HSD, a wide substrate specificity allows this enzyme to function efficiently in both 
interrenal and gonadal tissue. The conversion o f pregnenolone to progesterone could 
not be detected in the liver, kidney, rectal gland, brain, gill, and muscle o f two species o f 
stingray (D. americana and D. sabina) and northern blot analysis did not indicate the 
presence o f a 3 P-HSD transcript in these tissues. However, there are inherent 
differences in the regulation o f gonadal and interrenal steroidogenesis. These tissues also 
produce greatly different steroids. Although there appears to be a single 3 P-HSD gene 
in trout (Sakai et al., 1994), the possibility o f multiple elasmobranch isozymes o f this 
enzyme cannot be ruled out until the characterization o f the gonadal form o f this enzyme 
is complete.
This study has demonstrated a wide pH optima for the biacktip shark 3 P-HSD 
which plateaus around a pH o f 7.5. This is in agreement with the optimal pH range o f 
another steroidogenic enzyme from the biacktip interrenal, cytochrome P450c21 (see 
Chapter 6) and with reported intracellular pH values for elasmobranchs (Heisler, 1988). 
Biacktip shark 3 p-HSD, like 1 a-hydroxylase activity in the elasmobranch interrenal 
(Idler and Truscott, 1967), was extremely sensitive to temperature with the protein 
apparently denaturing at 35°C. This is in contrast to the biacktip shark cytochrome 
P450c21, which displayed its highest activity at 35°C and retained 75% activity at 40°C 
(see Chapter 6). Increased anaerobic metabolic activity combined with the lower 
dissolved oxygen o f warm water would result in a rapid decrease in the activity o f
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biacktip 3 P-HSD above 30° C. The obvious implication o f such data is that the 
steroidogenic capability o f an elasmobranch couid be dramaticaily compromised at higher 
temperatures.
3 P-HSD has been reported in species from all classes o f vertebrates, but studies o f 
3 p-HSD activity, molecular biology, and genetic structure have focused primarily upon 
mammalian species. The elasmobranch forms o f this enzyme appear to be similar to the 
mammalian homologs in function, in spite o f significant differences in primary structure.
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6.0 Elasmobranch Cytochrome P450c21*
6.1 Introduction
The presence o f corticosteroids in primitive vertebrates and in some invertebrates is 
evidence the production o f corticosteroids is an ancient process (Kime, 1988). 
Corticosteroids can be divided into two structural groups, 17-hydroxycorticosteroids and 
17-deoxycorticosteroids. In general, the presence o f cytochrome P450c 17 (17a - 
hydroxylase) in the adrenal/interrenal determines which o f these two groups o f 
corticosteroids will be secreted by a vertebrate (Kime, 1987). The situation is 
complicated in many mammals, because the adrenal cortex tissue is divided into zones 
defined both histologically and biochemically. Each zone produces a different steroid 
(glucocorticoid, mineralocorticoid or androgen) which plays a unique physiological role. 
Such zonation makes the study o f the steroidogenic pathway in these animals difficult.
In most fish interrenal tissue is dispersed amongst other cell types, making isolation o f 
steroidogenic cells difficult. The elasmobranch interrenal is a discrete encapsulated gland 
which displays no zonation (Armour et al., 1993b) and does not exhibit 17a-hydroxylase 
activity (Truscott and Idler, 1972). This simplicity makes the elasmobranch an ideal 
model for the study o f the adrenal/interrenal steroidogenic pathway.
Other aspects o f steroidogenic enzymes in elasmobranchs are o f interest as well.
The primary corticosteroid produced by the elasmobranch interrenal is 1 a- 
hydroxycorticosterone, a steroid unique to elasmobranchs (Truscott and Idler, 1968). In 
the elasmobranch, steroidogenic enzymes must operate in the presence o f high 
* Reprinted by permission o f the Journal o f Experimental Zoology.
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concentrations o f urea and other nitrogenous compounds known to perturb protein 
function (Yancey and Somero, 1978 and 1980). The characteristics o f elasmobranch 
homologs o f steroidogenic enzymes may differ from those o f animals that do not retain 
high concentrations o f nitrogenous compounds.
This study characterizes the cytochrome P450c21 (21-hydroxylase; E.C. 1.14.1.8) 
from the biacktip shark, Carcharhinus limbatus (Elasmobranchii; Carcharinidae). This 
enzyme is vital for the synthesis o f corticosteroids in all vertebrates and has been shown 
to be a cytochrome P450 dependent reaction (Cooper et al., 1968). Microsomes were 
isolated from biacktip shark interrenal tissue and were used to determine temperature, 
pH, and solute dependence, substrate specificity and kinetic parameters o f P450c21. The 
characteristics o f the biacktip homolog o f P450c21 were compared to those o f other 
vertebrates.
6.2 Methods and Materials
6.2.1 Animals
Biacktip sharks (Carcharhimis limbatus) were caught by longline in the Gulf o f 
Mexico o ff the coast o f Louisiana. Interrenal tissue was dissected in the field, frozen in 
liquid nitrogen, and stored at -80°C until use.
6.2.2 Preparation of Microsomes
Microsomes were isolated using the methods described in Callard et al. (1985) with 
slight modifications. Briefly, 4.3 grams o f biacktip interrenal tissue (approximately 40 
glands) were homogenized on ice by teflon pestle in 5 volumes buffer A (123 mM 
potassium chloride, 5 mM magnesium chloride, 10 mM potassium phosphate, 25 mM N-
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[2-hydroxyethyI]piperazine-n’-[2-ethanesulfonic acid] (HEPES), 0.2 mM 
ethyienediaminetetraacetic acid (EDTA), 1 mM phenyimethyisuifonyl fluoride (PMSF); 
pH 7.0 at 25°C). The homogenate was centrifuged at 800 x g for 20 minutes. The 
resulting nuclear pellet was again homogenized and centrifuged at 800 x g for 20 
minutes. The two 800 x g supernatants were combined and centrifuged at 30,000 x g for 
20 minutes. The resulting mitochondrial pellet was gently resuspended in buffer A using 
a teflon pestle and centrifuged again at 30,000 x g for 20 minutes. The two 30,000 
supernatants were pooled and centrifuged at 105,000 x g for 1 hour to obtain a 
microsomal pellet. A ll centrifugations were conducted at 4°C. The microsomal pellet 
obtained was gently resuspended in buffer B (50 mM potassium phosphate and 3 mM 
MgCU, pH 7.0 at 25°C), dispensed into 500 pi aliquots at a protein concentration o f 2.7 
mg/ml and stored at -80°C until use. To determine subcellular localization ofP450c21 
activity, protein in buffer A for consistency, as the cytosolic fraction could not be 
separated from the homogenization buffer. Rates were determined using 50 pg protein,
I pM [3H]progesterone and 1 mMNADPH at 30 °C for 10 minutes. Protein 
concentration was determined with a Bio-Rad DC assay, using gamma globulin as the 
standard. Aliquots o f all other fractions were saved and stored at -80° C.
6.2.3 Determination of P450c21 Activity
Steroids used as substrates were added to a 1:10 mixture o f glycerol and ethanol. 
The ethanol was removed under vacuum at room temperature in a Savant Speed-Vac 
system and the resulting drop o f glycerol (no more than 5 pi), was then resuspended in 
150 pi o f buffer B. Standard assays for the determination o f P450c21 activity contained
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5 mM NAD PH or a regeneration system consisting o f 5 mM NADP, 25 mM gIucose-6- 
phosphate and 1 unit glucose-6-phosphate dehydrogenase at 30°C. Incubations were 
initiated by the addition o f 15 pg interrenal microsomes in 150 pi o f buffer B for a final 
volume o f 300 pi. The temperature was maintained at 30°C in a water bath/orbital 
shaker. Five ml o f methylene chloride was added to terminate the reaction and extract 
the steroids from the aqueous phase. The organic phase was evaporated under vacuum 
at 60 °C and the residue dissolved in 100 pi o f 50% methanol. Recovery o f tritiated 
steroids is typically 90-95% o f steroid added. Steroids were separated by reverse phase 
high pressure liquid chromatography (HPLC) and monitored using inline UV and 
isotopic detectors. Samples were injected onto a 250 mm X  4.6 mm Ultrasphere C18 
reverse phase column (Beckman, Fullerton, California) with a 5 pm particle size.
Solvent A was 50% methanol in water and solvent B was 100% methanol. Steroids 
were eluted from the column with a linear gradient o f 25% B to 75% B in 5 min. Rates 
o f steroid metabolism were determined using the percentage o f substrate metabolized. 
Rates were determined for nonisotopic steroids using extinction coefficients determined 
from authentic steroids. Deviations from standard reaction conditions are specified in 
the figure legends.
Methanol and methylene chloride (HPLC grade) were obtained from Burdick and 
Jackson, Muskegon, M I. Authentic steroids were obtained from Sigma Chemical 
Company, St. Louis, MO or Steraloids, Wilton, NH. [l,2,6,7-3H]Progesterone and [7- 
3H]pregnenolone were obtained from New England Nuclear, Boston, MA, and [ 1,2,6,7- 
3H] 17a-hydroxyprogesterone was obtained from Amersham International. Purity o f
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steroids was confirmed by HPLC. A ll other chemicals were o f the highest quality 
available.
6.3 Results
6.3.1 Subcellular Enrichment and Cofactor Specificity
Activity was enriched within the microsomal fraction o f the blacktip shark 
interrenal. Nuclear and mitochondrial fractions had 52% and 29% o f the microsomal 
P450c21 activity respectively. The supernatant o f the final 105,000g centrifugation 
(representing the cytosolic fraction o f the interrenal tissue) had 4% o f the microsomal 
P450c21 activity (data not shown).
Blacktip shark P450c21 activity increased linearly over a range o f 5 pg to 25 pg 
microsomal protein using 1 pM tritiated progesterone and a cofactor regeneration 
system consisting o f 5 mM NADP, 25 mM glucose-6-phosphate, 1 unit glucose-6- 
phosphate dehydrogenase (Figure 6-1). Analysis o f incubations by HPLC resulted in 
only two radioactive peaks, eluting with authentic progesterone and 11- 
deoxycorticosterone. Carbon monoxide, a known inhibitor o f cytochromes P450, 
reversibly inhibited P450c21 activity (data not shown).
Microsomal P450c21 activity was dependent upon an exogenous source o f reducing 
equivalents (Figure 6-2). NADPH supported the highest activity. The reduced form of 
nicotinamide adenine dinucleotide (NADH) supported 26% o f the activity supported by 
NADPH; isocitrate supported less than 1% o f the NADPH-supported activity. When 
only he oxidized form o f nicotinamide adenine dinucleotide phosphate (NADP") was 
provided, 21-hydroxylase activity was not detected .
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6.3.2 Kinetics
The blacktip shark P450c21 had similar affinities for both progesterone (K,„ = 80 
nM) and l7a-hydroxyprogesterone (K,„ = 90 nM). The maximal velocity obtained with 
progesterone as the substrate was three times as great as with 17a-hydroxyprogesterone 
(2.94 nmol/min/mg protein and 0.89 nmol/min/mg protein, respectively) (Figure 6-3).
6.3.3 Temperature Dependence and pH Optima
Activity increased with increasing temperature to 35°C (Table 6-1), with a QI0 
relationship o f approximately 2.5. Ql0 was calculated using the equation: Ql0 = 
Velocity^, 10) /  Velocity(10). The enzyme appeared to denature at 40°C. A t 30°C, 
P450c21 activity appeared to plateau around pH 7.5. The rates o f metabolism at pH 7.5 
and 8.0 were not significantly different (analysis o f variance followed by Student- 
Newman-Keuls, p > 0.05, Figure 6-4).
6.3.4 Effect o f Solutes
Urea had no effect upon P450c21 activity in the standard assay (Figure 6-5).
TMAO reduced the rate o f conversion by 23%. This effect was not reversed with the 
addition o f urea in these incubations. KC1 reduced the rate o f conversion by 33%. The 
inhibitory effects o f TMAO and KC1 were not additive in the presence o f urea.
6.3.5 Steric Specificity
The blacktip shark form o f cytochrome P450c21 metabolized a number o f 
substrates (Table 6-2). Thirteen steroid substrates differing in the number and position 
o f oxygen groups and the configuration o f double bonds on the progestin nucleus were 
tested. Maximal rates were obtained with progesterone (2.9 nmol/min/mg protein using
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Figure 6-1. Relationship o f 21 -hydroxylase activity to protein concentration. 
Incubations were conducted over a range o f protein concentrations (5 to 25 pg o f 
interrenal microsomal protein) in 300 pi buffer B containing 5 mMNADP, 25 mM 
glucose-6-phosphate, 1 unit glucose-6-phosphate dehydrogenase and 1 pM 
[3H]progesterone for one minute at 30°C. Rates were determined by quantifying 
substrates and products using HPLC and represent the mean o f three individual 
incubations o f a single assay. Error bars represent 95% confidence intervals.
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NADPH NADH ISO NADP NONE
Figure 6-2. Cofactor specificity o f blacktip shark 2 1-hydroxylase. Metabolic rates were 
determined to assess cofactor specificity using 15 jag microsomal protein in 300 ul buffer 
B containing 1 uM ['HJprogesterone and either 5 mM NADPH, 5 mM NADP, 5 mM 
NADH, 20 mM isocitrate (ISO) or no exogenous cofactor (NONE) incubated for one 
minute at 30°C. Rates were determined as in Figure 1, and represent the mean o f three 
individual incubations o f a single assay, except for isocitrate which is the mean o f five 
incubations. Error bars represent 95% confidence intervals. Bars with the same letters 
are not significantly different from each other at P s 0.05 (analysis o f variance followed 
by Student-Newman-Keuls test).
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Figure 6-3. Kinetic properties o f black tip shark P450c21. Kinetic properties were 
determined by incubating 15 pg interrenal microsomal protein in 300 pi buffer B 
. containing 5 mM NADP, 25 mM glucose-6-phosphate and 1 unit glucose-6-phosphate 
dehydrogenase over a range o f concentrations (0.05 to 2 pM) o f either [3H]progesterone 
or [3H]17a-hydroxyprogesterone. Kinetic parameters were determined using the 
Michaelis-Menton equation (v0 = ( V ^  [S]) /  (1 ^+  [S])) with the line fitted using 
nonlinear regression (PRISM software, Graphpad, San Diego, CA). Rates represent the 
mean o f three individual incubations o f a single assay, except for 2.0 pM [3H] 17a- 
hydroxyprogesterone which is the mean o f two incubations. The data are representative 
o f three assays. Error bars represent 95% confidence intervals.
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Table 6-1. The effect o f temperature on P450c21 activity. Microsomal protein (15 pg) 
was incubated in the presence o f 5 mM NADP, 25 mM glucose-6-phosphate, I unit 
glucose-6-phosphate dehydrogenase and I pM [3H]progesterone in 300 pi o f buffer B 
for one minute at the proper temperature. Rates were determined by quantifying 
substrates and products using HPLC and represent the mean o f three individual 
incubations o f a single assay.




30 2.27 ± 0.29
35 4.03 ±0. 38
40 2.99 ±0.35
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Figure 6-4. Effects o f pH on blacktip shark 21-hydroxylase activity. Microsomal 
protein (15 pg) was incubated for one minute in the presence o f 5 mM NADP, 25 mM 
glucose-6-phosphate, 1 unit glucose-6-phosphate dehydrogenase and 1 pM 
[3H]progesterone in 300 pi o f buffer B adjusted to the appropriate pH using small 
amounts o f concentrated HC1 or NaOH. Rates represent the mean o f three individual 
incubations o f a single assay. Error bars represent 95% confidence intervals. Bars with 
the same letters are not significantly different from each other at P < 0.05 (analysis o f 
variance followed by Student-Newsman-Keuls test).







Figure 6-5. The effects o f nitrogenous compounds (urea and TMAO) and potassium 
chloride (KCI) on P450c21 activity were assessed by incubating 15 pg interrenal 
microsomes for 2.5 minutes in 300 pi buffer B which contained 5 mM NADPH, I pM 
[3H]progesterone and either 400 mM urea (U), 200 mM TMAO (T) or 150 mM KCI 
(K). The effect o f combining urea and TMAO (UT; 400 mM and 200 mM, respectively) 
and urea, TMAO and KCI (UTK; 400 mM, 200 mM and 150 mM respectively) were 
also assayed. Rates represent the mean o f four individual incubations o f a single assay, 
except for urea, which is the mean o f three incubations. Error bars represent 95% 
confidence intervals. Asterisks denote treatments which were significantly different from 
the control (CON) at P < 0.05 (analysis o f variance followed by Dunnett's test).
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1 pM [3H]progesterone). No metabolism o f 3 p-hydroxy, A 5 steroids (pregnenolone and 
17a-hydroxypregnenolone) was detected. Addition o f a hydroxyl group on the 11- 
carbon reduced the rate o f metabolism, as indicated by 11 P-hydroxyprogesterone (0.30 
nmol/min/mg protein) and 11 a-hydroxyprogesterone (0.83 nmol/min/mg protein) which 
were metabolized 11% and 29% as quickly as progesterone. Dehydrogenation o f the 
11-hydroxyl group partially relieved this steric hinderance, because the rate o f 
metabolism o f 1 l-ketoprogesterone was 79% o f progesterone. A  hydroxyl group at the 
20-carbon o f progesterone apparently precludes 21-hydroxylation, because the rate o f 
metabolism o f both 20a-hydroxyprogesterone and 20 P-hydroxyprogesterone by 
P450c21 hydroxylase was not detected. The steric hinderance o f the hydroxyl group at 
the 20-carbon was partially relieved by 17-hydroxylation, because both 17a,20P- 
dihydroxyprogesterone (0.79 nmol/min/mg protein) and 17a,20a-dihydroxy- 
progesterone (0.16 nmol/min/mg protein) were metabolized. Both lip ,1 7 a - 
dihydroxyprogesterone (0.95 nmol/min/mg protein) and 1 l-keto,17a- 
hydroxyprogesterone (0.95 nmol/min/mg protein) were metabolized at similar rates as 
17a-hydroxyprogesterone (0.87 nmol/min/mg protein at 1 pM). A  single assay which 
included 200 mM TMAO in the reaction buffer indicated that the rates o f metabolism 
were slightly reduced for most steroids (10-30%), but substrate specificity was not 
altered (data not shown).
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Table 6-2. Substrate specificity o f P450c21 was examined using substituted progestins. 
Microsomal protein (15 pg) was incubated in 300 pi buffer B containing 5 mM NADP, 
25 mM gIucose-6-phosphate, 1 unit glucose-6-phosphate dehydrogenase and 10 pM 
steroid for one hour. [3H]Progesterone and [3H]17a-hydroxyprogesterone were tested 
at 1 pM. These concentrations were sufficient to saturate the enzyme. During HPLC 
analysis, progestins having a A 4 configuration were monitored at 240 nm while those 
having a A 5 configuration were monitored at 205 nm. Rates o f metabolism were 
determined using extinction coefficients developed by injecting known amounts o f 
authentic steroids and analyzing in the same manner as the samples. Rates represent the 
mean o f three individual incubations o f a single assay and are representative o f three 
individual assays. ND = metabolism not detected.
Steroid nmol/min/mg protein ± 95% Cl
Progesterone 2.90 ±0.54
11-Ketoprogesterone 2.29 ±0.18
11 p, 17cc-Dihydroxyprogesterone 0.95 ±0.70
11 -Keto, 17a-hydroxyprogesterone 0.95 ±0.14
17a-hydroxyprogesterone 0.87 ±0.47
11 a-Hydroxyprogesterone 0.83 ±0.19
17a,20p-Dihydroxyprogesterone 0.79 ± 0.36
11 p-Hydroxyprogesterone 0.30 ±0.17
17 a ,20 a -Dihydroxyprogesterone 0.16 ±0.50
2 0 a -Hyd roxy p rogestero ne ND
20 p -Hydroxyprogesterone ND
Pregnenolone ND
17a-Hydroxypregnenolone ND
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6.4 Discussion
Conversion o f progesterone to 11-deoxycorticosterone in the blacktip shark 
interrenal displays characteristics typical o f cytochrome P450 catalysis. The reaction is 
dependent upon an exogenous source o f reducing equivalents in the form o f reduced 
nicotinamide adenine dinucleotides and it is reversibly inhibited by carbon monoxide.
This evidence supports the conclusion that this reaction is catalyzed by cytochrome 
P450c2l. The highest level ofP450c21 activity was found in the microsomal fraction o f 
the blacktip interrenal. Although other subcellular fractions were never totally devoid o f 
P450c21 activity, this is most likely due to microsomal contamination o f these fractions. 
There is no other evidence to support the presence o f an extramicrosomal P450c21 
system. Activity in the microsomal fraction was supported by reduced forms o f NADPH 
and NADH, but not by isocitrate, indicating the absence o f contaminating mitochondria 
in the microsomal fraction.
The temperature dependence o f the blacktip shark P450c21 is not typical o f 
P450c21 enzymes from other animals. The Q10for this enzyme (2.5) is twice that o f 
other known P450c21 enzymes. However, values o f Q,„ in the range o f 2 to 3 are quite 
common for other enzymes (Hochachka, 1991). Sandor et a l (1972) compared the 
P450c21 systems o f the duck, snake, and bullfrog. The optimal temperatures for these 
species were 37°C, 40°C, and 26°C with Q10 values o f 1.4, 1.5, and 1.1 respectively. 
When maximal rates are compared, the blacktip shark homolog o f P450c21 is slower 
than the rat (10.0 nmol/min/mg protein at 37°C, Rosenthal and Narasimhulu, 1969), the 
duck (11.6 nmol/min/mg protein at 37°C) and the frog (6.4 nmol/min/mg protein at
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26°C), but is faster than the snake (2.1 nmol/min/mg protein at 37°C) (Sandor et al., 
1972). Temperature coefficients in ectotherms are the products o f evolution and 
adaptation and are influenced by thermodynamic constraints, but not determined by them 
(Hochachka, 1991). We must assume that the difference in Ql0 values seen for these 
ectotherms is an adaptation for the optimization o f the steroidogenic process in the 
individual species.
Maximal blacktip shark P450c21 activity reaches a plateau around pH 7.5 at 30°C. 
The intracellular pH o f the large spotted-dogfish shark (Scyliorhinus stellaris) ranges 
from 7.45 at 10°C to 7.2 at 25°C (Heisler, 1988). As an ectotherm, the intracellular 
milieu o f the blacktip shark w ill experience fluctuations in temperature. Many species o f 
carcharhinids are known to inhabit shallow coastal waters where temperatures can reach 
30°C (Castro, 1983; Snelson et al., 1984). A t pH 7.0, the P450c21 activity was 72% o f 
the activity at pH 7.5 at 30°C. Over the range o f temperature and intracellular pH that 
the blacktip shark commonly encounters, P450c21 activity w ill be close to optimal.
Urea is found in high concentrations (300-600 mM) in the intracellular fluids o f 
elasmobranchs (Yancey and Somero, 1978; 1980). The retention o f this molecule as an 
osmolyte allows these animals to maintain an internal osmotic pressure equal to or 
greater than that o f seawater (Pang et al., 1977). Urea at concentrations found in most 
elasmobranchs (approximately 400 mM) is a potent destabilizer o f many proteins and is 
countered by the retention o f methylamines such as trimethylamine oxide (TMAO), 
betaine, sarcosine (Yancey and Somero, 1980) and certain free amino acids at a total 
concentration o f approximately 200 mM (Yancey and Somero, 1978). The shark
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P450c21 was not affected by urea at a concentration o f400 mM. Microsomal 
cytochromes P450 must interact with cytochrome P450 reductase which acts to transfer 
reducing equivalents from NADPH. Therefore, the entire system, and not simply the 
cytochrome P450c21, appears to be urea tolerant. It appears that many elasmobranch 
enzyme systems may be adapted to high urea concentrations. For example, the 
mitochondrial glycine cleavage enzyme system in elasmobranchs is insensitive to urea at 
concentrations above physiological values, whereas the homologous system in teleosts is 
strongly inhibited by urea (Moyes and Moon, 1987).
Metabolism o f progesterone by P450c21 was reduced to 77% o f the control when 
exposed to 200 mM TMAO. The inhibition o f P450c21 by TMAO was not reversed by 
the addition o f 400 mM urea. Because TMAO usually acts to stabilize proteins, 
presumably by decreasing the solubility o f protein side-chain groups (von Hippel and 
Schleich, 1969), the enzyme may in fact become too rigid to function at maximal rates in 
the presence o f high concentrations o f this compound, or may effect the interaction 
between the cytochrome P450 and P450 reductase. In spite o f reduced rates o f 
metabolism, TMAO does not effect the broad substrate specificity o f this enzyme
Potassium chloride at a concentration o f 150 mM reduced activity to 67% o f the 
control. This inhibition may be due to the high concentration o f chloride ions, which is 
not typical o f the intracellular milieu. The effects o f TMAO and KCI were not additive, 
because inhibition o f P450c2l activity in incubations including urea, TMAO and KCI 
resulted in only a 35% decrease in activity.
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The shark P450c21 was able to convert many different steroids into their 21- 
hydroxyiatea forms. While deviations from the progesterone nucleus reduced the rate o f 
metabolism, in most cases, it did not eliminate it. O f the thirteen steroids examined, nine 
were metabolized. The blacktip shark P450c21 homolog normally must function in the 
presence o f approximately 200 mM TMAO, which this study has shown to slightly 
perturb this enzyme. However, the presence o f 200 mM TMAO did not eliminate the 
metabolism o f any o f the nine steroids metabolized by the shark P450c21 in the absence 
o f this compound. Such a wide range o f substrates is in contrast to other P450c21 
systems which are more substrate specific. Lorence et al. (1989), cloned and expressed 
the bovine adrenal P450c21 in cultured mammalian cells. Results o f this study showed 
that the bovine form o f the enzyme was very substrate specific, converting only three 
(progesterone, 17a-hydroxyprogesterone and 1 ip,17a-dihydroxyprogesterone) o f 
twelve potential substrates into 21-hydroxylated products. Ryan and Engel (1956) 
reported the metabolism o f 11 P-hydroxyprogesterone by bovine adrenal microsomes. 
There have been reports o f the 21-hydroxylation o f pregnenolone by adrenal microsomal 
preparations (Mackler et al., 1971; Kaufinann et al., 1980), leading to speculation that 
there may be alternate pathways for steroid synthesis in mammals (Inano et al. 1969, 
Diedrichsen et al., 1976; Franklin et al., 1987). However, the bovine P450c21 expressed 
by Lorence et al., (1989) did not metabolize pregnenolone. The blacktip shark homolog 
o f P450c21 did not metabolize pregnenolone or 17a-hydroxypregnenolone. 
Hydroxylation at the 17 position allows a certain amount o f flexibility in the 
progesterone side-chain, but there appears to be an upper lim it on the maximal rate at
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which 17-hydroxylated progestins can be utilized by the blacktip shark P450c21.
Contrary to the bovine form o f P450c21, the maximal velocity obtained with 
progesterone was at least three times that obtained with l7a-hydroxyprogesterone. The 
predominate corticosteroid produced by the bovine adrenal is cortisol, a 17-hydroxylated 
steroid. The bovine form o f 17-hydroxylase does not utilize 21-hydroxylated substrates. 
Therefore, in order to produce cortisol, 17a-hydroxylation must precede 21- 
hydroxylation. Thus, the typical substrate for P450c2l is !7a-hydroxyprogesterone in 
the bovine adrenal. Aldosterone, a 17-deoxycorticosteroid, is produced in the zona 
glomerulosa o f the mammalian adrenal, where 17-hydroxylase is not present.
Aldosterone, a mineralocorticoid, is bioactive at very low titers in mammals, and does 
not necessarily need to be produced in large quantities. It is not surprising that the 
bovine form o f P450c21 is able to utilize 17a-hydroxyprogesterone at a higher rate than 
progesterone. The broad range o f substrate specificity for the blacktip P450c21 relative 
to the bovine form may reflect the simplicity o f the steroidogenic pathway in the 
elasmobranch. There have been no reports o f 17a-hydroxylase activity in elasmobranch 
interrenal tissue. Therefore, 17-hydroxylated steroids are not typical substrates for the 
elasmobranch interrenal P450c21. In the bovine adrenal, with each zone o f the adrenal 
cortex producing a different type o f steroid, it may have become advantageous for the 
bovine form o f P450c21 to become increasingly more substrate specific.
Barry et al., (1993) studied the P450c21 associated with testicular tissue in the 
dogfish shark (Squalus acanthias). When compared to the interrenal form o f P450c21 
from the blacktip shark, the testicular form appears to have a lower affinity for
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progesterone (Km = 200 nM). Such differences suggest the presence o f different forms 
o f P450c2! in elasmobranchs, either between species or between tissues. It should be 
noted that some species o f teleost also express P450c21 both in the gonad and the 
interrenal (Trant et al., 1986). It w ill be interesting to compare the elasmobranch form 
o f P450c21 to the mammalian and teleost forms, when the cDNAs become available.
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7.0 Regulation of Dasyatis sabina Interrenal Steroidogenesis
7.1 Introduction
In 1966, Idler and Truscott identified a unique steroid (la-hydroxycorticosterone) 
from the plasma o f an elasmobranch. This steroid was the predominant corticosteroid in 
the plasma o f all elasmobranch species examined (Truscott and Idler, 1968; 1972). 
Although there is evidence implicating both glucocorticoid and mineralocorticoid 
activity, the role o f la-hydroxycorticosterone in elasmobranch physiology is still 
obscure. In other vertebrates, glucocorticoids act to increase blood glucose. The 
synthesis o f glucocorticoids is regulated by AC TH , which is released from the pituitary 
in response to stressful conditions. Injections o f mammalian ACTH increased blood 
glucose concentrations in elasmobranchs (Grant et al., 1969 and deRoos and deRoos, 
1972), presumably through the stimulation o f steroidogenesis in the interrenal gland. 
Synthesis o f la-hydroxycorticosterone can be stimulated in isolated interrenal tissue by 
homogenates o f whole pituitary and o f the rostral pars distalis (Klesch and Sage, 1973) 
and by exogenous ACTH (deRoos and deRoos, 1972; Klesch and Sage, 1975; Hazon 
and Henderson, 1985; O'Toole et al., 1990 and Armour et al., 1993b). Hartmann et al.
(1944) found that interrenalectomy elicited a decrease in liver glycogen in Raja erinacea. 
However, this could not be confirmed by Idler et al. (1969) in the same species and 1 a- 
hydroxycorticosterone failed to promote liver glycogen deposition in adrenalectomized 
mice (Idler et al., 1967b).
Although titers drop significantly in hypophysectomized fish, 1 a- 
hydroxycorticosterone can still be detected in these fish even after extended periods,
129
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indicating a nonhypohysial pathway o f regulation. Injections o f homologous renal 
extracts or mammalian angiotensin II  increase plasma concentrations o f I a- 
hydroxycorticosterone in Scyliorhinus canicula (Hazon and Henderson, 1985). This is 
also the case in perfused isolated interrenal glands from the same species treated with 
exogenous angiotensin II (O'Toole et al., 1990, Armour et al., 1993b). Further evidence 
pointing to a possible role in osmoregulation for 1 a-hydroxycorticosterone was offered 
by Armour et al. (1993a). S. caniciila fed a low protein diet were unable to increase 
plasma urea concentrations and were forced to retain sodium chloride at higher than 
normal concentrations. Plasma concentrations o f 1 a-hydroxycorticosterone were also 
increased, leading the authors to speculate that this steroid was acting upon effector 
organs (perhaps the rectal gland or kidney) to retain sodium. Chan et al. (1967) 
observed a decrease in rectal gland secretion when lipsharks (Hemiscyllium plagiosum) 
were injected with cortisol and corticosterone. However, rectal gland secretion in 
interrenalectomized skate was increased by injections o f la-hydroxycorticosterone (Holt 
and Idler, 1975). Glycoproteins in the cytosol o f tissues which are potential targets o f 
mineralocorticoids (gill, liver and rectal gland) were found to bind la - 
hydroxycorticosterone (Idler and Kane, 1980). Although the data are conflicting, the 
implication o f such studies is that regulation o f the interrenal by nonhypophysial means is 
probable, and could involve the renin-angiotensin system.
The actions o f peptide hormones such as ACTH and angiotensin II on 
adrenocortical cells follow two general patterns. Acute exposure to such peptides 
typically results in the mobilization o f cholesterol to the inner mitochondrial membrane.
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Cholesterol, the ultimate precursor o f all steroids, is converted into pregnenolone by 
cholesterol side chain cleavage cytochrome P450 (P450scc). This reaction is considered 
to be the rate limiting step in steroidogenesis. Chronic exposure usually results in the 
induction o f steroidogenic enzymes (Simpson and Waterman, 1988), including both 
hydroxysteroid dehydrogenases and cytochromes P450.
In order to better characterize the regulation o f elasmobranch interrenal 
steroidogenesis, tissue was incubated for both acute (2 hour) and chronic (24 hour) 
periods in the presence o f exogenous hormones, transcriptional and translational 
inhibitors and second messenger analogs. Steroids produced by these incubations were 
analyzed with high pressure liquid chromatography (HPLC), which allowed the detection 
o f several steroids simultaneously.
7.2 Methods and Materials
7.2.1 Animals
Atlantic stingrays (Dasyatis sabina) were collected from the beaches o f Turkey 
Point, Florida at the Florida State Marine Laboratory by seine and trammel net.
Stingrays were then transported to Louisiana State University, Baton Rouge, Louisiana 
and maintained in a 15' diameter circulating raceway (17-l9%o; approximately 20 °C) 
until experiments were performed. When needed, animals were killed with a blow to the 
head and interrenal tissue was immediately removed and placed into iced elasmobranch 
Ringers (240 mM NaCl, 7 mM KCI, 10 mM CaCl* 4.9 mM MgCl2, 2.3 mM NaHC03,
0.5 mM Na2H2P04, 0.5 mM Na,S04, 360 mM urea, 60 mM trimethylamine oxide 
(TMAO), 1% glucose).
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7.2.2 Effects of Exogenous Hormones and Inhibitors on Interrenal Steroidogenesis
Interrenal tissue was minced and divided into three roughly equal portions. Each 
portion was weighed, then placed in separate wells o f a 24 well tissue culture plate.
Each well contained 1 ml o f elasmobranch Ringers to which was added either nothing 
(basal), porcine corticotropin (pACTH at 0.5 U/ml), Asn1 Val5-angiotensin I I  (fish 
angiotensin II at 10 pM) or human chorionic gonadotropin (hCG at 10 U/ml). For each 
interrenal in each treatment, one portion was incubated in the presence o f the protein 
synthesis inhibitor cycloheximide (50 pM) and one in the presence o f the transcription 
inhibitor actinomycin D (10 pM in dimethylsulfoxide). Interrenals were incubated for 2 
hours (the acute treatment), after which media was exchanged for 1 ml elasmobranch 
Ringers containing the appropriate treatments and 25-hydroxychoIesterol. Interrenals 
were then incubated for 22 additional hours under these conditions for a total o f 24 
hours under treatment. Tissue was incubated at 27°C and 150 rpm in a shaking water 
bath. The media from both the 2 hour and 24 hour incubations was extracted with 5 
volumes o f methylene chloride and analyzed using HPLC. Tissue was frozen in liquid 
nitrogen and stored at -80 °C for further analysis. Rates o f steroid synthesis were 
natural log transformed and analyzed using a univariate, split plot design followed by 
Dunnett's test. (PC-SAS Version 6.11, SAS Institute Incorporated, Cary, North 
Carolina).
7.2.3 Effects of Angiotensin II on Interrenal Steroidogenesis
In this experiment, each interrenal gland was exposed to all treatments. Interrenal 
tissue was removed from stingrays and divided into four roughly equal portions. Each
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portion was then weighed and added to separate wells o f a 24 well tissue culture plate 
containing 1 ml elasmobranch Ringers. One portion o f each interrenal was incubated in 
the presence o f either no hormone (basal), ACTH (0.5 U /  ml), fish angiotensin I I  (10 
pM) or Asp1 IIe5-angiotensin I I  (human angiotensin II at 10 pM). Tissue was incubated 
for 2 hours with treatment only, followed by 22 hours with treatment and 25- 
hydroxycholesterol. Media and tissue were collected and treated as above. Rates o f 
steroid synthesis were analysed using a randomized complete block design followed by 
Dunnett's test. (PC-SAS Version 6.11, SAS Institute Incorporated, Cary, North 
Carolina).
7.2.4 Effects o f Second Messenger Cascade Analogs and Activators
Interrenal tissue was removed from stingrays and divided into four roughly equal 
portions. Each portion was then weighed and added to separate wells o f a 24 well tissue 
culture plate containing 1 ml elasmobranch Ringers. Treatments consisted o f incubating 
interrenal portions in elasmobranch Ringers only (basal), dibutyryl cyclic AMP (dbcAMP 
at 10 pM), phorbol 12-myristate 13-acetate (10 pM) or the calcium ionophore A23187 
(1 pM). In three incubations, the calcium ionophore treatment was replaced by the 
addition o f autologous kidney extract, prepared by homogenizing 100 mg ofZ). sabina 
kidney tissue in 0.9 ml o f elasmobranch Ringers. The kidney homogenate was 
centrifuged at 800 X g for five minutes and the supernatant diluted 1 /  10 in 
elasmobranch Ringers. Interrenal tissue was treated with the equivalent o f 1 mg kidney 
tissue and was incubated in the same manner as the other treatments. Media and tissue 
were treated as above. Rates o f steroid synthesis were analysed using a completely
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randomized design followed by Dunnett's test. (PC-SAS Version 6.11, SAS Institute 
Incorporated, Cary, North Carolina)
7.2.5 Analysis of Incubation Media
Steroids were extracted from elasmobranch Ringers using 5 volumes o f methylene 
chloride. Tritiated testosterone was added to each sample in order to calculate 
extraction efficiency, which typically ranged from 80-100%. After removal o f the 
aqueous phase, the organic fraction was evaporated under vacuum at 60 °C. Extracted 
steroids were redissolved in 50 pi o f a 50:50 mixture o f methanol and acetonitrile. This 
solution was then diluted with 50 pi o f HPLC grade water and thoroughly mixed. An 
aliquot o f each sample was then taken for liquid scintillation analysis. Steroids in the 
remaining sample were separated by reverse phase high performance liquid 
chromatography (HPLC) and detected by UV absorbance at 240 nm. Samples were 
injected onto a 250 mm X  4.6 mm Ultrasphere Clg reverse phase column (Beckman, 
Fullerton, California) with a 5 pm particle size. Solvent A was 10% methanol and 10% 
acetonitrile in water and solvent B was 50% methanol and 50% acetonitrile. Steroids 
were eluted from the column with a stepped gradient o f 40% B to 100% B in 28 
minutes. The identity o f la-hydroxycorticosterone and its elution profile using this 
HPLC method was confirmed by gas chromatography / mass spectrometry (performed 
by Dr. Cedric H. L. Shackleton, Children's Hospital, Medical Center o f Northern 
California).
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7.2.6 Analysis of Enzyme Activity in Incubated Interrenals
[3Hj-Pregnenolone, [3H]-progesterone and [3H]-1 i-deoxycortisol were used to 
monitor the activity o f 3P-HSD, P450c21 and P450cl 1 respectively. [3H ]- 
Corticosterone was used to assay both cytochrome P450cl and 110-HSD. Steroids (1 
pM) were dissolved in methanol containing 10% glycerol. The methanol was removed 
by vacuum and steroids redissolved in 50 pi buffer A  (50 mM potassium phosphate, 3 
mM magnesium chloride) containing 1 mM NADPH (when monitoring cytochromes 
P450) or I mM NAD" (when monitoring hydroxysteroid dehydrogenases). Preliminary 
experiments indicated that 11P-HSD activity could be detected with either NAD" or 
NADP". Frozen interrenals were homogenized in buffer A  and the homogenate was 
centrifuged at 800 x g for 2 minutes to remove cellular debris. Aliquots (50 pi) o f the 
supernatant were added to test tubes containing the appropriate steroid and cofactor to 
initiate reactions. A ll assays were conducted in a shaking water bath at 30°C and 300 
RPM. Reactions were terminated with the addition o f 2 ml methylene chloride. Steroids 
were extracted from the aqueous phase as above and analyzed by HPLC. Rates were 
determined from the percentage o f substrate converted to product and normalized to 
time and protein concentration. Only tissues treated with nothing, pACTH or dbcAMP 
were assayed for enzymatic activity, due to the apparent lack o f effect o f the other 
treatments in stimulating steroidogenesis. The activity o f steroidogenic enzymes were 
statistically analyzed as indicated in the figure legends.
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7.3 Results
7.3.1 EITects of Acute Exposure to Hormones and Inhibitors on Interrenai 
Steroidogenesis
The basal rate o f 1 a-hydroxycorticosterone production was not significantly 
affected by either cycloheximide or actinomycin D (Figure 7-1). Porcine ACTH 
significantly increased production o f 1 a-hydroxycorticosterone over basal in the 2 hour 
incubation. The effect o f pACTH could be blocked by cyclohexiniide, but not by 
actinomycin D. Angiotensin II  has a slight, but significant, effect on the production o f 
1 a-hydroxycorticosterone. Both cycloheximide and actinomycin D blocked induction by 
angiotensin II. No other treatment significantly altered the synthesis o f 1 a- 
hydroxycorticosterone and no other steroids were detected in the acute treatment o f the 
samples.
7.3.2 EITects of Chronic Exposure to Hormones and Inhibitors on Interrenai 
Steroidogenesis
The basal rate o f 1 a-hydroxycorticosterone production was lower at 24 hours than 
at 2 hours, but was not significantly effected by either cycloheximide or actinomycin D 
(Figure 7-2). Synthesis o f I a-hydroxycorticosterone was induced in interrenals 
incubated with pACTH. The effect o f pACTH could be blocked by cycloheximide but 
not by actinomycin D. The synthesis o f the only other steroid produced in detectable 
quantities, 11-dehydrocorticosterone, was significantly increased by pACTH (Figure 7-3) 
in chronic incubations. This steroid was only detected in samples which had been treated 
with pACTH or cycloheximide. Cycloheximide and actinomycin D partially blocked the
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synthesis o f this steroid in pACTH treated interrenals. No other treatment significantly 
altered interrenai steroidogenesis.
7.3.3 Effects of ACTH, Cycloheximide and Actinomycin D on Enzyme Activity
The microsomal enzymes, 3 P-HSD and P450c21, were much more active than the 
mitochondrial steroidogenic enzymes, P450cl 1 and P450cl. 11 P-HSD had the lowest 
overall activity. No treatment significantly altered the specific activity o f any o f the 
steroidogenic enzymes assayed (Figure 7-4).
7.3.4 Effects of Angiotensin II on Interrenai Steroidogenesis
Neither fish angiotensin II nor angiotensin AH increased the synthesis o f detectable 
steroids above basal levels in either acute or chronic incubations. In acute (Figure 7-5) 
and chronic (Figure 7-6) exposures, pACTH increased steroidogenesis to more than 
three times the basal level. Chronic exposure to pACTH also increased the synthesis o f 
11 -dehydrocorticosterone (Fig 7-7). Athough there were no significant differences 
among treatments, pACTH tended to increase the activity o f all steroidogenic enzymes 
(Fig 7-8).
7.3.5 Effects of Second Messenger Cascade Analogs and Activators on Interrenai 
Steroidogenesis
No treatment significantly altered the rate o f steroid synthesis from the basal rate 
(Figure 7-9). Indeed, it appeared that all treatments had an inhibitory effect upon the 
production o f 1 a-hydroxycorticosterone in acute incubations, with autologous kidney 
extract treatment had the lowest mean rate o f 1 a-hydroxycorticosterone synthesis. 
Although not significantly different, dbcAMP tended to increase la -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
138
hydroxycorticosterone synthesis in chronic incubations (Figure 7-10), while both 
phorbol 12-myristate 13-acetate and autologous kidney extract treatments had 'lowered 
mean rates o f 1 a-hydroxycorticosterone synthesis than basal in chronic incubations. No 
other steroids could be detected in either acute or chronic incubations. The enzymatic 
activity o f dbcAMP treated tissue was compared to the activity o f basal tissue. dbcAMP 
was the only treatment which appeared to increase steroidogenesis. Although there were 
no significant differences between treatments, dbcAMP tended to lower the activity o f 
microsomal enzymes, but had no apparent effect upon mitochondrial enzymes (Figure 7- 
11).
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Figure 7-1 The effects o f acute exposure to peptide hormones on the production o f 1 a- 
hydroxycorticosterone (1 aB) in D. sabina interrenai tissue. Interrenai glands were 
dissected, divided into three pieces and exposed to one o f four treatments. One piece o f 
an individual interrenai gland was exposed for 2 hours to either no hormone (BASAL), 
0.5 U / ml corticotropin (ACTH), 10 pM angiotensin I I  (A  II), and 10 U  /  ml human 
chorionic gonadotropin (hCG). For each interrenai gland, approximately equal amounts 
o f tissue were incubated in the presence o f appropriate hormone and either 50 pM 
cycloheximide (C) or 10 pM actinomycin D (A ). The numbers above the standard error 
bars represent the number o f interrenals in each treatment. The asterisks denotes a 
significant difference from the basal rate (Ps 0.05).
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Figure 7-2 The effects o f chronic exposure to peptide hormones on the production o f 
1 a-hydroxycorticosterone (1 aB) in D. sabina interrenai tissue. Interrenai glands were 
dissected, divided into three pieces and exposed to one o f four treatments. One piece o f 
an individual interrenai gland was exposed for 2 hours to either no hormone (BASAL), 
0.5 U /ml corticotropin (ACTH), 10 pM  angiotensin II (A  II), and 10 U /  ml human 
chorionic gonadotropin (hCG). For each interrenai gland, approximately equal amounts 
o f tissue were also incubated in the presence o f appropriate hormone and either 50 pM 
cycloheximide (C) or 10 pM actinomycin D (A ). The numbers above the standard error 
bars represent the number o f interrenals in each treatment. The asterisks denotes a 
significant difference from the basal rate (Ps 0.05).
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Figure 7-3 The effects o f chronic exposure to peptide hormones on the production o f 
11-dehydrocorticosterone (DHB) in D. sabina interrenai tissue. Interrenai glands were 
dissected and divided into three pieces. Individual interrenai glands were exposed for 24 
hours to either no hormone (BASAL), corticotropin (ACTH), angiotensin II (A  II), and 
human chorionic gonadotropin (hCG). For each individual interrenai gland, 
approximately equal amounts o f tissue were also incubated in the presence o f 50 jiM  
cycloheximide (C) or 10 pM actinomycin D (A ). The numbers above the standard error 
bars represent the number o f interrenals in each treatment. The asterisks denotes a 
significant difference from the basal rate (Ps 0.05).
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Figure 7-4. The effects o f chronic exposure to ACTH on the activities o f D. scibinci 
interrenai steroidogenic enzymes. Protein from interrenai tissue in figure 2 (exposed for 
24 hours alone (BASAL), with cycloheximide (CYCLO), with actinomycin D 
(ACTINO), with ACTH (ACTH), with ACTH and cycloheximide (AC) and with ACTH 
and actinomycin D (AA)) was incubated w ith tritiated steroids (1 pM) and NADPH (1 
mM). Steroids were extracted from incubation media with methylene chloride and 
analyzed by HPLC. Rates o f metabolism were normalized to protein concentration and 
incubation period. The numbers above the standard error bars represent the number o f 
interrenals in each treatment. There were no significant differences at the 0.05 level in 
enzyme activity (univariate, split-plot analysis on natural log transformed data, PC-SAS 
Version 6.11, SAS Institute Incorporated, Cary, North Carolina)
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Figure 7-5. The effects o f acute exposure to different forms o f angiotensin II on the 
production o f I a-hydroxycorticosterone (1 aB) in D. sabina interrenai tissue. Individual 
interrenai glands were divided into four pieces and were incubated for 2 hours in the 
presence o f no hormone (BASAL), corticotropin (ACTH), Val5-angiotensin I I  (FISH), 
and Ile5-angiotensin II (HUMAN). The numbers above the standard error bars represent 
the number o f interrenals in each treatment. Asterisk denotes a significant difference 
from the basal rate (P s 0.05).
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BASAL ACTH FISH
Figure 7-6. The effects o f chronic exposure to different forms o f angiotensin II on the 
production o f 1 a-hydroxycorticosterone (1 aB) in D. sabina interrenai tissue. Interrenai 
tissue was incubated for 24 hours in the presence o f either corticotropin (ACTH), Vai5- 
angiotensin II (FISH), and Ile5-angiotensin II (HUMAN). Basal levels o f steroidogenesis 
(BASAL) were determined with interrenals not exposed to hormone. The numbers 
above the standard error bars represent the number o f interrenals in each treatment. The 
asterisk denotes a significant difference from the basal rate (P s 0.05).
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Figure 7-7. The effect o f chronic exposure to different forms o f angiotensin II on the 
production o f 11-dehydrocorticosterone (DHB) in D. sabina interrenai tissue. Interrenai 
tissue was incubated for 24 hours in the presence o f either no hormone (BASAL), 
corticotropin (ACTH), Val5-angiotensin II (FISH), and De5-angiotensin H (HUMAN). 
The numbers above the standard error bars represent the number o f interrenals in each 
treatment. The asterisk denotes a significant difference from the basal rate (P s 0.05).
















j£ l -Ir^ i
30-HSD P450c21 P450c11 110-HSD P450c1
Fig 7-8. The effects o f chronic exposure to ACTH on the activities o f D. sabina 
interrenai steroidogenic enzymes. Tissue was incubated for 24 hours alone (BASAL) or 
with corticotropin (ACTH) and frozen. Steroidogenic enzyme activity in homogenates 
was determined using tritiated steroids and NADPH. Steroids were extracted from 
incubation media with methylene chloride and analyzed by HPLC. Rates o f metabolism 
were normalized to protein concentration and incubation time. The numbers above the 
standard error bars represent the number o f interrenals in each treatment. There were no 
significant differences between groups at the 0.05 level (Paired T-test, PC-SAS Version 
6 .11, SAS Institute Incorporated, Cary, North Carolina).
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BASAL dbcAMP PMA HK A23187
Figure 7-9. The effect o f acute exposure to second messenger analogs and activators on 
the production o f 1 a-hydroxycorticosterone (la B ) in D. sabina interrenai tissue. 
Individual interrenai glands were divided into four pieces and were incubated for 2 hours 
in the presence o f no hormone (BASAL), 10 pM dibutyryl cyclic AMP (dbcAMP), 10 
pM phorbol 12-myristate 13-acetate (PMA), 1 pM calcium ionophore A23187 
(A23187) or autologous kidney extract (HK). The numbers above the standard error 
bars represent the number o f interrenals in each treatment. The asterisk denotes a 
significant difference from the basal rate (P s 0.05).
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BASAL dbcAMP PMA HK A23187
Figure 7-10. The effect o f chronic exposure to second messenger analogs and activators 
on the production o f 1 a-hydroxycorticosterone (la -B ) in D. sabina interrenai tissue. 
Individual interrenai glands were divided into four pieces and were incubated for 2 hours 
in the presence o f no hormone (BASAL), 10 pM dibutyryl cyclic AMP (dbcAMP), 10 
pM phorbol 12-myristate 13-acetate (P M A ), 1 pM calcium ionophore A23187 
(A23187) or homologous kidney extract (HK). The numbers above the standard error 
bars represent the number o f interrenals in each treatment. The asterisk denotes a 
significant difference from the basal rate (P z 0.05).
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Figure 7 -11. The effects o f chronic exposure to dbcAMP on the activities o f D. sabina 
interrenai steroidogenic enzymes. Tissue was incubated for 24 hours alone (BASAL) or 
with 10 pM dibutyryl cyclic AMP (dbcAMP) and frozen. Steroidogenic enzyme activity 
in homogenates o f this tissue was determined using tritiated steroids and NADPH. 
Steroids were extracted from incubation media with methylene chloride and analyzed by 
HPLC. Rates o f metabolism were normalized to protein concentration and incubation 
period. The numbers above the standard error bars represent the number o f interrenals 
in each treatment. There were no significant differences between groups at the 0.05 level 
(Paired T-test, PC-SAS Version 6.11, SAS Institute Incorporated, Cary, North 
Carolina).
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7.4 Discussion
Previous studies have shown that steroidogenesis in D. sabina can be stimulated by 
homogenates o f whole pituitary and rostral pars distalis (Klesch and Sage, 1973) and by 
mammalian ACTH (Klesch and Sage, 1975). These results implicate a hypothalamal- 
pituitary-interrenal axis o f regulation. The data presented here are consistent with these 
findings. Porcine ACTH induced steroidogenesis in both acute and chronic in  vitro 
incubations o f D. sabina interrenai glands in a manner which was cycloheximide; but not 
actinomycin D; sensitive. The acute response o f mammalian adrenocortical cells to 
ACTH is the mobilization o f cholesterol from cytoplasmic pools to the inner 
mitochondrial membrane. This is thought to be the rate limiting step in steroidogenesis. 
The transfer o f cholesterol to the inner membrane is known to require a "labile protein 
factor" (Waterman, 1995). The fact that cycloheximide blocks the acute response to 
ACTH in the elasmobranch interrenai is evidence that labile proteins such as the 
Steroidogenic Acute Regulatory Protein (StAR; Clark et al., 1994) may play a role in 
steroidogenesis in lower vertebrates.
Chronic induction in the stingray interrenai appears to involve mechanisms other 
than the mobilization o f endogenous cholesterol to the mitochondria, because all chronic 
incubations included 25-hydroxycholesterol. High concentrations o f 25- 
hydroxycholesterol or other more permeable forms o f cholesterol, can saturate the active 
sites o f P450scc, circumventing the endogenous cholesterol transport pathway. In 
mammalian systems, chronic exposure to ACTH results in the induction o f transcription 
o f steroidogenic enzymes and accessory proteins, leading to increased steroidogenic
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activity (Simpson and Waterman, 1988). In the present study, no treatment significantly 
increased the activity o f any o f the steroidogenic enzymes assayed. The activity o f one 
enzyme, P450scc, was not be assayed in the present study. Because the conversion o f 
cholesterol is the rate limiting step in steroidogenesis, it is possible that induction o f this 
enzyme could account for the increase in steroidogenesis. Adrenodoxin reductase and 
adrenodoxin, proteins involved in the transfer o f electrons from NADPH to P450scc, are 
also potential targets o f induction. I f  the induction o f any steroidogenic protein is 
involved in the chronic response to ACTH, the lack o f effect o f actinomycin D is 
puzzling. In mammals, the increase in the concentration and activity o f steroidogenic 
enzymes is preceded by an increase in the concentration o f mRNA encoding these 
proteins (Simpson and Waterman, 1988). Actinomycin D has been shown to be effective 
in blocking the transcription o f some steroidogenic enzymes (John et al., 1985). I f  the 
increase in steroidogenesis is not due to an increase in the transcription o f P450scc, there 
is the possibility that the efficiency o f translation o f mRNA already present could be 
increased. In Dasyaiis sabina and a closely related species, D. americana, the transcript 
for P450scc is 4.6 kb in length, which is much larger than the transcript for this enzyme 
in other vertebrates (see Chapter 4). The 3' untranslated region o f the D. americana 
transcript contains several polyadenylation sites and areas where secondary structure 
might occur. Such structure in the transcript might increase the half-life o f the RNA, and 
induction might then involve an increase in the efficiency o f the translation o f this RNA. 
This has yet to be examined in either D. sabina or D. americana.
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ACTH in mammalian tissue elicits its effects through a plasma membrane receptor 
leading to an increase in intraceiiuiar cAMP concentrations. Forskolin and dbcAMP 
increased the production o f 1 a-hydroxycorticosterone in perfused S. ccmicula interrenals 
(O'Toole et al., 1990; Armour et al., 1993b), indicating that ACTH acts in much the 
same way in elasmobranchs. Although 10 pM dbcAMP tended to increase the 
production o f 1 a-hydroxycorticosterone in chronic in vitro incubations o f D. sabina 
interrenai gland, this change was not significantly different from the control tissue. It 
should be noted that in the S. canicula interrenai, 10 pM dbcAMP elicited a maximal 
response (Armour et al., 1993b).
Other studies have implicated the renin-angiotensin system o f the kidney in the 
regulation o f interrenai gland steroidogenesis. Such regulation in elasmobranchs is 
logical considering the possible role o f 1 a-hydroxycorticosterone as a mineralocorticoid, 
and would be similar to the regulation o f the zona glomerulosa o f the mammalian adrenal 
conex. Injections o f both homologous kidney extracts and mammalian angiotensin II 
greatly increased plasma concentrations o f 1 a-hydroxycorticosterone in the dogfish, 
Scyliorhinus canicula (Hazon and Henderson, 1985). In  vitro incubations o f perfused 
interrenai glands from S. canicula, pACTH and mammalian angiotensin I I  greatly 
stimulated synthesis o f 1 a-hydroxycorticosterone over basal rates (O'Toole et al., 1990 
and Armour et al., 1993b). Although Val5-angiotensin II is the predominate form o f this 
hormone in lower vertebrates, Ile5-angiotensin I I  was more potent in inducing la - 
hydroxycorticosterone production in S. canicula (O'Toole et al., 1990). Neither form o f 
angiotensin II had a significant effect upon 1 a-hydroxycorticosterone production in in
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vitro incubations o f D. sabina interrenai tissue. ACTH elicited an increase in la -  
hydroxycorticosterone production, so it appears that the lack o f effect by angiotensin u 
is not due to exhaustion or death o f the tissue. The differences in the sensitivity o f 
interrenai gland to stimulation by angiotensin II  between S. canicula and D. sabina could 
be explained in several ways. There are several amino acid sequence changes among the 
forms o f angiotensin II and its parent compounds, angiotensinogen and angiotensin I, 
isolated from different species. These differences have made it difficult to detect the 
renin-angiotensin system in elasmobranch using standard methods (Uva et al., 1992). It 
is possible that the forms o f angiotensin II used in the current experiment were not 
sufficiently similar to induce steroidogenesis in D. sabina. The physiological state o f the 
animals in question might also play a role in determining the responsiveness o f the 
interrenai to certain hormones. The studies involving S. canicula were undertaken with 
animals which were maintained at close to full strength seawater, while the current study 
involving D. sabina used animals maintained at about half strength seawater. It is 
possible that interrenai steroidogenesis could be preconditioned by the salinity o f its 
environment. In addition, S. canicula does not experience drastic changes in 
environmental salinity in the wild, although in the laboratory it can tolerate a range o f 
salinities (Armour et al., 1993a). D. sabina is a euryhaline animal and is frequently 
found in tidal streams where the salinity is highly variable. Such physiological and 
ecological differences are good indications that osmoregulation is achieved differently in 
these species.
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In teleosts, other pituitary factors, such as gonadotropins, are thought to regulate 
interrenai gland steroidogenesis. Interrenai tissue in teleosts is capable o f synthesizing 
androgens which may be important in reproductive physiology. Teleostean 
gonadotropins induced the production o f both cortisol and androstenedione in isolated 
Oncorhynchus kisutch (coho salmon) interrenai glands (Schreck et al., 1989). However, 
mammalian luteinizing hormone was not very effective at stimulating steroidogenesis in 
coho salmon. Human chorionic gonadotropin had no effect upon D. sabina interrenai 
steroidogenesis. Production o f androgens such as androstenedione by the elasmobranch 
interrenai gland is precluded by the lack o f cytochrome P450cl7, an enzyme necessary 
for the production o f all androgens and estrogens. Regulation o f the interrenai gland by 
autologous gonadotropins cannot be ruled out by the results o f the present study.
Calcium plays an important role in the induction o f steroidogenesis in the 
mammalian adrenal cortex. Extracellular calcium is needed for ACTH-receptor 
interactions (Cheitlin et al., 1985) and changes in calcium influx due to ACTH binding 
have been reported (Kojima et al., 1985; Fakunding and Catt, 1980). The effects o f 
angiotensin II are, at least in part, mediated by activation o f the phosphatidylinositol 
pathway leading to a rise in intracellular calcium in mammals. In S. canicula, the 
calcium ionophore A23187 (10 pM) was potent in inducing the production o f 1 a- 
hydroxycorticosterone (Armour et al., 1993b), indicating the regulation o f intracellular 
calcium is important to interrenai steroidogenesis in this species as well. A significant 
increase in 1 a-hydroxycorticosterone production was not seen when D. sabina 
interrenals were incubated in the presence o f 1 pM A23187. The differences in
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sensitivity to A23187 between S. canicula and D. sabina could be due to the 10 fold 
difference in the concentration o f A23187 used in these studies. In addition, there was 
no significant increase in 1 a-hydroxycorticosterone production when interrenals were 
incubated with 10 pM phorbol 12-myristate 13-acetate, a protein kinase C activator 
This is further evidence that the interrenai gland o f D. sabina is not as sensitive to 
angiotensin II as the adrenocortical cells o f mammals and the interrenai cells o f S. 
canicula.
Only I a-hydroxycorticosterone was detected in incubations o f D. sabina interrenai 
tissue in earlier studies (Klesch and Sage, 1973; Klesch and Sage, 1975). Incubations o f
D. sabina interrenai gland homogenates with exogenous cofactors and tritiated 
corticosterone yield both 1 a-hydroxycorticosterone and 11-dehydrocorticosterone.
These results were confirmed by gas chromatography and mass spectroscopy (data not 
shown). Bern et al. (1962) isolated what they believed to be 11-dehydrocorticosterone 
in extracts o f dogfish interrenai and this steroid was isolated from the plasma o f five 
other elasmobranch species (Truscott and Idler, 1972). In  vitro incubations o f interrenai 
tissue from seven species o f elasmobranch indicated that both 1 a-hydroxycorticosterone 
and 11-dehydrocorticosterone were formed from corticosterone (Truscott and Idler, 
1968; Idler and Truscott, 1969). Corticosterone and 11-deoxycorticosterone, precursors 
in the synthesis o f both 1 a-hydroxycorticosterone and 11-dehydrocorticosterone, have 
also been detected in many elasmobranchs, but in much lower titers than la -  
hydroxycorticosterone (Simpson and Wright, 1970; Truscott and Idler, 1972;
Rasmussen and Crow, 1993). Our study found that ACTH stimulated the synthesis o f
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11-dehydrocorticosterone. ACTH induction o f 11-dehydrocorticosterone is partially 
blocked by both cycloheximide and actinomycin D, an indication that the synthesis o f this 
steroid is induced in a different manner than 1 a-hydroxycorticosterone. The amount o f 
11-dehydrocorticosterone produced (100 times less than 1 a-hydroxycorticosterone) may 
seem insignificant in comparison to the titers o f other plasma steroids, but it is interesting 
to note that the ratio o f glucocorticoids (corticosterone and cortisol) to 
mineralocorticoids (aldosterone) in other vertebrates is in the same range (10 to 1000 
fold).
It is somewhat o f a paradox that the synthesis o f 1 a-hydroxycorticosterone, a 
steroid with mineralocorticoid but apparently little  glucocorticoid activity, is regulated by 
ACTH, a hormone which regulates the synthesis o f glucocorticoids. The insensitivity o f 
the D. sabina interrenai to angiotensin II, which is effective in stimulating 
steroidogenesis in other species o f elasmobranchs, is also perplexing. This study has 
offered evidence that 1 a-hydroxycorticosterone may not be the only steroid produced by 
the interrenai. It is obvious that steroids produced by the elasmobranch interrenai cannot 
be assigned a role until their direct actions upon target tissues is examined. Future 
research should examine the effects o f these steroids upon the cellular machinery 
involved in both osmoregulation and the stress response, including proteins involved in 
the production o f urea and TMAO and glucose. Such information w ill allow the more 
complete understanding o f the regulation o f steroidogenesis in the elasmobranch 
interrenai.
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The production o f sufficient quantities o f active steroids in a timely manner is an 
important process in all vertebrates. It is somewhat surprising, therefore, that the 
comparative study o f this system is almost completely centered around the isolation and 
identification o f corticosteroids from plasma and in vitro incubations o f interrenai tissue 
(Truscott and Idler, 1972; Kime, 1988). These studies have yielded much pertinent 
information about the occurrence o f steroids in species representing most classes o f 
vertebrates. However, because o f their lipophilic nature, complete understanding o f the 
physiological role o f steroids is dependent upon information regarding the steroidogenic 
pathways which produce these molecules. The activity o f steroidogenic enzymes in 
interrenai tissue is the driving force behind the appearance o f steroids in the plasma o f 
an animal. The plasma o f an animal might contain several corticosteroids. The 
occurrence o f some corticosteroids in plasma may simply be the result o f steroidogenic 
bottlenecks caused by less active enzymes and these steroids may play no physiological 
role. An example o f this might be found in the occurrence o f corticosterone and 11- 
deoxycorticosterone, both precursors o f 1 a-hydroxycorticosterone, in the plasma o f 
many elasmobranchs (Simpson and Wright, 1970; Truscott and Idler, 1972; Rasmussen 
and Crow, 1993). The present study has shown that the mitochondrial enzymes 
P450cl 1 and P450cl are much less active than their microsomal counterparts, 3 P-HSD 
and P450c21. This discrepancy in activities might lead to the secretion o f 11- 
deoxycorticosterone and corticosterone simply because P450cl 1 and P450cl were not 
sufficiently active to metabolize all available substrate. This could also be the case in
157
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other vertebrates where precursors o f the predominant corticosteroid are detected in 
plasma (Truscott and Idler, 1972). Information regarding the steroidogenic pathway in 
lower vertebrates is insufficient to determine i f  this scenario is plausible in these animals.
There is a considerable amount o f information about the steroidogenic process in 
mammalian model systems. The steroidogenic enzymes examined from the 
elasmobranch interrenai in this study are in many ways similar to their mammalian 
counterparts. Some examples o f this similarity include their distribution within a 
steroidogenic celt, their dependence upon certain cofactors and their rates o f activity.
The elasmobranch enzymes are different in primary structure from mammalian and other 
forms o f steroidogenic enzymes, a discovery not surprising due to the evolutionary 
distances involved in such comparisons. Several physiological factors unique to 
elasmobranchs are possible driving forces in the evolution o f elasmobranch steroidogenic 
enzymes. The physiological milieu in an elasmobranch cell contains organic osmolytes 
known to disrupt protein structure and function (Yancey and Somero, 1978). Although 
these osmolytes are retained in such a manner that one osmolyte acts to counteract the 
other, there is no question that the presence o f organic osmolytes have had an effect on 
the evolution o f the primary structure o f many elasmobranch proteins. In addition, the 
elasmobranch interrenai gland is a discrete encapsulated gland which contains a 
homogenous population o f cells. This is quite unlike most other vertebrates. In more 
primitive vertebrates, adrenocortical cells are sparse and are dispersed along the cardinal 
vein, while those o f teleosts are intermingled with chromaffin cells and other cell types 
(Henderson and Kime, 1987). The mammalian adrenal cortex primarily consists o f
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steroidogenic cells, but is divided into three steroidogenically distinct zones (Henderson 
and Kime, 1987). The presence o f P450cI7a in many o f these animais demands that this 
enzyme be regulated so that both 17-deoxysteroids (such as corticosterone and 
aldosterone) and 17-oxysteroids (such as cortisol and sex steroids) can be produced 
simultaneously. The elasmobranch interrenai, which is not zoned and does not express 
P450cl7a, represents an biosynthetic environment apparently free o f conflicting 
steroidogenic pathways. The enzymes investigated in the present study have broad 
substrate specificity, perhaps indicative o f this simple pathway. Broad substrate 
specificity might also allow such enzymes to perform in both gonadal and interrenai 
tissues, where the suite o f steroid substrates can be quite different.
The enzymatic activity found in the elasmobranch interrenai which is most dissimilar 
to mammals is that catalyzed by P450cl. In the production o f corticosteroids, this 
enzymatic activity is unique to elasmobranchs. The inhibition o f elasmobranch P450cl 
by SU-486, a P450cl 1 inhibitor (Idler and Truscott, 1967a), implies a fairly high degree 
o f similarity between P450cl and P450cl 1. It w ill be interesting to see in the future if  
this similarity extends to the degree found in the mammalian forms o f P450cl 1, with a 
single protein containing both P450cl and P450cl 1 activities. There is no evidence for 
the presence o f multiple forms o f enzymes like P450cl 1, 3 P-HSD and 11 P-HSD in the 
tissues o f elasmobranchs. A more critical analysis utilizing more sensitive RNA 
detection assays (ribonuclease protection assays) and activity assays with all cofactors 
must be carried out to completely rule out the such possibilities.
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Regulation o f the elasmobranch interrenai steroidogenic pathway also has 
similarities to mammals. ACTH apparently manifests its actions, at least in part, through 
cycloheximide-sensitive "labile proteins" in both the acute and chronic response.
Although the present study cannot define the role o f transcription in the elasmobranch 
interrenai, transcription o f steroidogenic enzymes may still occur in the elasmobranch in 
response to ACTH. The mRNA and protein o f steroidogenic enzymes might 
accumulate at a much slower rate in the poikilothermic elasmobranch than in 
homeothermic mammals. The existence o f an alternate mode o f increasing steroidogenic 
output in the elasmobranch interrenai, such as post-translational modification o f existing 
steroidogenic enzymes, cannot be ruled out and should be investigated.
Although 1 a-hydroxycorticosterone is the predominant corticosteroid synthesized 
by the interrenai, 11-dehydrocorticosterone can be synthesized because o f the presence 
o f 11 P-HSD. This enzyme does not appear to be a prerequisite for the production o f 
I a-hydroxycorticosterone. The elasmobranch 11 p-HSD can catalyze the 
dehydrogenase and the oxidoreductase reactions, thus the production o f 11- 
dehydrocorticosterone does not appear to be a sink for substrate. As the conversion o f 
corticosterone to 11-dehydrocorticosterone apparently precludes la-hydroxylation (data 
not shown), 11 P-HSD activity could represent a pathway in which corticosterone can be 
secreted from the elasmobranch interrenai as 11-dehydrocorticosterone. It is possible 
that 11 P-HSD activity in peripheral tissues could convert 11-dehydrocorticosterone to 
corticosterone. However, 11 P-HSD activity in the peripheral tissues o f elasmobranchs 
as not been reported and no study has addressed such a possibility. It is therefore
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difficult to assign 11-dehydrocorticosterone and corticosterone roles in elasmobranch
physiology.
It is also hard to define the role o f la-hydroxycorticosterone in elasmobranchs. 
Most o f the activities attributed to this steroid have been based on indirect and 
correlative evidence. Studies o f the regulation o f the interrenal has not narrowed the 
possibilities o f the actions o f this steroid, as both ACTH and AH have been shown to 
increase the production o f 1 a-hydroxycorticosterone. Differences in the sensitivity to 
these hormones between elasmobranch species can be used to better understand the role 
o f interrenal steroids. Future studies should investigate the direct effects o f these 
steroids on potential target tissues such as the rectal gland and liver. It should be 
remembered how little is known about basic elasmobranch physiology and that future 
studies should not be biased toward what is typical o f mammalian physiology. Due to 
the unique osmoregulatory strategy o f elasmobranchs, glucocorticoids and 
mineralocorticoids in elasmobranchs may act to induce very different pathways in their 
target tissues. For instance, the enzymes o f urea biosynthesis may be regulated by 
products o f the interrenal. The understanding o f the regulation o f the elasmobranch 
interrenal w ill be more complete when such data are available.
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